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A series of spatially based models of Hawaiian streams and stream fish habitats were 
developed to aid in the conservation of native fishes. The spatial models focused on the 
quantification of habitat for native fishes at three levels within a spatial hierarchy.  First, 
at the reach level, the models classified the major geomorphological features of a stream 
and its watershed to determine the distribution of fish habitat within the different 
sections of the stream. The distribution of habitat was combined with habitat suitability 
criteria and the migratory abilities of the native fishes to quantify available habitat and 
predict expected community membership within a reach. The reach model correctly 
predicted 87 of 98 possible species presence or absence combinations, and only once 
predicted a species would not occur in a reach where field surveys verified its existence. 
At the stream level, a new classification system for Hawaiian streams based on the 
streams major morphological characteristics was developed. Cluster analysis of 150 
perennial streams resulted in eight stream types differentiated by their size, shape, 
position of the steepest slope, and extent of bay development. Within each stream type, 
the amount of habitat available for the native fishes was quantified. The amount of 
native fish habitat was non-randomly distributed among stream types. At the island 
level, the distribution of stream types and amount of habitat were determined for each 
island. The distribution of stream types changed consistently along with the age of the 
islands. The distribution of fish habitat also changed with island age, and habitats for 
some species were associated with the younger islands while other habitats were 
associated with older islands. The spatial models support the role of available habitat in 
the structuring of native fish populations yet allow for future models concerning the 
 xi
large-scale recruitment processes to be integrated with these habitat models. The spatial 
habitat models derive an expected natural distribution of stream fishes and stream fish 
habitats. These expected distributions can be used to restrict comparisons to similar 
habitats. These spatial models also will provide a naturally expected goal for stream 




Chapter 1. General Introduction 
 
The spatial models of Hawaiian streams and stream fish habitats were 
developed to aid in the conservation and management of the native stream fishes. 
These models incorporated ecological theory with site-specific conditions in Hawaiian 
streams in a Geographic Information System (GIS) to determine the quantity and 
distribution of instream habitat available to the native fishes. The models were based 
on a nested spatial scale to allow concurrent multi-scale spatial analyses to be 
integrated when considering different aspects of native fish habitat. 
The conversion of field observations of an animals habitat to a habitat-based 
model that accurately predicts the effects of environmental change has long been a 
goal of resource managers, and now also has become an urgent priority for 
conservation biologists and ecologists alike. Descriptions of an organisms distribution 
and habitat use are required steps in the development of predictive models (Bovee and 
Cochnauer 1977).  Although some successful models have been developed, the 
conversion of the qualitative habitat descriptions into a method for quantitative 
assessment of species abundance with respect to habitat availability has not been 
easily achieved (Rose 2000). One problem that arises during the development of a 
predictive habitat model is the variety of spatial scales needed to describe the various 
stages of an individuals life cycle (Levin 1992). In Hawaii, the native stream fishes 
are found in streams throughout the high islands and have life stages in both fresh and 
saltwater. As a result of this complex life history, it is difficult to identify the correct 
spatial scale upon which to manage or study these fishes. In reality, there is no one 
correct scale (ONeill et al. 1986, Levin 1992). The different life stages of fishes 
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require different scales of consideration. By viewing the relevant ecological process at 
different spatial scales, the spatial models of Hawaiian streamfish habitats attempt to 
resolve some of the conflicting views of the importance of habitat in structuring fish 
populations. 
To integrate patterns observed at different spatial scales, the Hawaiian 
streamfish habitat models required a mechanism to link together the different scales. A 
spatial hierarchy, based loosely on a hierarchical framework designed for stream 
habitat classification by Frissell et al. (1986), was applied to the Hawaiian stream 
system. The levels in the hierarchy from the smallest to the largest are: site level, the 
reach level, the stream level, island level, island chain level, and ultimately the ocean 
level. The spatial and temporal justification of the hierarchical structure that was 
developed by Frissell et al. (1986), and used in this study, agrees with the tenants of 
hierarchy theory presented by ONeill et al. (1986). Hierarchy theory need not be 
based on an explicit spatial structure, although as long as the spatial window or level 
corresponds to changes in process rates, the application of the theory is valid. 
All of the native fishes in Hawaiian streams are diadromous (Tate 1997). Most 
of these are amphidromous, a type of diadromy in which the migratory event is not 
bounded at either end by a reproductive event (Myers 1949). There is a similar pattern 
to the life cycles of all Hawaiian amphidromous fishes. These fishes include Lentipes 
concolor, Sicyopterus stimpsoni, Awaous guamensis, Stenogobius hawaiiensis, and 
Eleotris sandwicensis. Adult fishes live in freshwater streams, and after mating, the 
females lay demersal eggs (Fitzsimons et al. 1993, Ha and Kinzie 1996). Upon 
hatching, the larval fishes are swept down stream and out into the ocean (Nishimoto 
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and Kuamoo 1997). Larval development occurs in the ocean for up to six months 
(Radtke et al. 1988). This long pelagic larval phase allows for passive dispersal among 
streams. When the larvae return to fresh water, they settle and undergo rapid 
metamorphosis into juveniles (Schoenfuss et al. 1997). There is no indication that 
homing to a natal stream occurs for these fishes, and genetic evidence suggests that 
stream choice is random (Fitzsimons et al. 1990). Once in a stream, the juveniles move 
upstream, locate adult habitat, and mature into adults. In addition to the amphidromous 
species, the other native fish included in this study is Kuhlia xenura, a marine species 
that enters streams as juveniles. Little is known about the life history requirements of 
this species, although there are indications of a positive association with fresh waters 
for juvenile K. xenura (L. Benson, personal communication). 
Native freshwater fishes on oceanic islands are considered secondary 
freshwater fishes (Myers 1949). These fishes are evolutionarily recent invaders of 
fresh water, and their marine ancestry is highlighted by the fact they still retain the 
pelagic larval phase. The pelagic larval phase of the diadromous island fishes creates 
some discontinuity between habitat availability and adult population size. The extent 
that the chance dispersal events structure adult distributions of Hawaiian stream fishes 
is not known (Kinzie 1988). Sale (1977, 1978) likened the effect of dispersal to a 
lottery, where the first lucky recruits end up colonizing the open adult habitat 
patches. Although the variability in recruitment can be large among species 
(Nishimoto and Kuamoo 1997), adult distributions of oceanic island stream fishes are 
clearly structured in terms of their habitat use and distribution (Kinzie 1988, 
Fitzsimons et al. 1997). These fishes display characteristic instream distributions, but 
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the fluctuating levels of natural recruitment cause measurements of current population 
size within an individual stream to be poor predictors of long-term population stability 
(McDowall 1998). The solution proposed with these spatial models is to measure 
potential habitat quality and quantity, as opposed to fish densities, in Hawaiian 
streams.  
The immediate conservation priorities of protecting stream ecosystems and 
their native species stimulated the development of the spatial habitat models. In the 
Hawaiian Islands, stream waters have been used for human needs for nearly as long as 
humans have occupied the islands. Early Polynesians diverted stream waters for taro 
agriculture. This past century has seen the rapid development of surface waters, 
including many inter-basin water diversions (Takasaki and Mink 1985). These 
diversions moved water from the wet, windward sides of the islands to the dry, 
leeward sides for irrigation on large sugar cane plantations.  Recently, there has been a 
movement to restore water to historically diverted streams to ensure the viability of 
native species. Intertwined with the general goal of maintaining or increasing native 
fish populations is the assumption that more water results in more habitat, and in turn, 
more fish. While most everyone would agree that returning water to a dewatered 
stream is a positive habitat improvement for the fishes, the realities of modern water 
management require a quantitative assessment of the benefits of each unit of water 
returned to the stream. Water returned to a stream for biodiversity protection is water 
not available for agriculture or other human uses.  Competition for this limited 
resource between various users can be intense. The spatial models presented here were 
developed to provide an estimate of the historical habitat availability for the native 
 5
fishes. Completed models would allow potential improvements to the current habitat 
to be quantitatively related to management choices in the watershed or stream. 
This research effort had two goals: (1) to develop a spatially-based method for 
determining the structural characteristics of Hawaiian streams at several spatial scales 
and (2) to determine the pattern of these characteristics within each spatial level and 
their influence on native stream fishes. Three levels within the spatial hierarchy will 
be discussed. 
1. At the reach level, can geomorphological characteristics be used to determine 
the distribution of fish habitat with in a stream reach, and how do these 
characteristics influence native fishes occupancy of a reach? (Chapter 2) 
2. At the stream level, can a classification system based on differences in stream 
morphology be developed, and how do the stream types affect the distribution 
of available habitat for native fishes? (Chapter 3) 
3. At the island level, how are the stream types distributed across the lower 
Hawaiian Islands, and how does this distribution of stream types influence the 




Chapter 2 - Reach Level Processes in Hawaiian Streams 
 
Introduction 
Reach-level modeling was used to understand the spatial structure of native 
stream fish habitats within Hawaiian streams in order to aid in the conservation of these 
unique ecosystems. The reach level analysis was part of a Geographic Information 
System (GIS) model based on a nested spatial hierarchy. The GIS model was designed 
to allow concurrent analyses of multi-scale spatial processes on native fishes habitat 
use. This chapter focuses on the reach level within the overall GIS model.  The reach 
level model (referred to hereafter as the Reach Model) determines the physical habitats 
within an individual stream based on the streams geomorphological characteristics. 
The Reach Model uses the different migratory abilities and habitats of the native stream 
fishes to derive an expected distribution of available habitat within a stream. To test the 
accuracy of the Reach Model, the results from the model are compared to field 
observations of native Hawaiian fishes. 
Native Hawaiian stream fishes differ in their resource use. Microhabitat studies 
have shown that water velocity, water depth, substrate size, channel position (Kinzie 
1988), station-holding ability (Fitzsimons et al. 1997), and food availability (Kido 1996) 
are important structuring variables. In microhabitat studies, the variables were measured 
within close proximity to the position of an observed fish and were extrapolated to 
describe the larger scale habitat-use patterns (i.e., lives in pools, runs, or riffles) for the 
native fishes. Multiple studies have led to a consistent view of the general habitats of 
the fishes; however, at a finer spatial scale, microhabitat use descriptions among 
 7
streams have not been consistent. In a test of the transferability of specific microhabitat-
use curves for mean-column velocity, depth, and substratum among streams, Kinzie et 
al. (1986) concluded that fish preference curves developed for one stream could not be 
transferred to another stream. These conflicting views of the native fish habitat use, one 
of consistent general patterns and one of site-specific patterns, may result from a 
difference in the spatial resolution at which the fish habitat was viewed. The Reach 
Model uses the general habitat use patterns to see if reach-scale patterns are transferable 
among streams. 
Traditionally, the goal of stream fisheries management has been to maximize the 
number and yield of a desired species by the modification of stream habitats to suit the 
target species (Fausch et al. 1988). More recently, restoration efforts have taken into 
account the role of the natural processes that control the development of the physical 
structure of a stream system (Rosgen 1996, Vadas and Orth 1998). This practice 
depends on the development of a hydrological systems approach to the evolution and 
maintenance of stream channels and their associated instream habitats (Leopold et al. 
1964). The application of the important geomorphological processes of riverine systems 
leads to the classification of stream habitats based on fluvial processes that control the 
existence of the habitats (Bisson and Montgomery 1996). An improved understanding 
of the evolution and maintenance of instream habitats has changed goals of stream 
fisheries management. Instead of trying to control stream flows at a level perceived as 
optimal for a single fish species, a natural flow regime has been proposed to provide a 
continuation of the processes that naturally develop instream habitats and support 
 8
multiple naitve species (Poff and Allen 1995). The Reach Model quantifies habitat 
expected to be developed by a non-modified flow regime. 
A number of reach-level characteristics influence instream fish habitat. These 
characteristics include a streams size, slope, sinuosity, and degree of confinement. 
Combinations of these and other characteristics have led to the development of various 
classification schemes for the separation of stream reaches (Bisson and Montgomery 
1996, Rosgen 1996) or habitat types (Hawkins et al. 1993). A classification system is 
important to allow comparisons among streams to be carried out in stream sections with 
similar structure and function (Barbour et al. 1991). Additionally, an appropriate 
classification system allows the extrapolation of site-specific data to other comparable 
sites (Rosgen 1996). Due to the large variation in the sizes of continental rivers and 
streams, classification systems developed for continental stream systems tend to group 
island streams into one or two of the smallest stream classes. Placing all streams in one 
or two groups results in poor resolution when describing the differences among island 
streams. Polhemus et al. (1992) classified inland waters on tropical Pacific Islands and 
included perennial streams as well as many other aquatic ecosystems. This broad focus 
resulted in stream fish habitat being classified into only two categories. Polhemus et al. 
(1992) note the importance of erosional and depositional zones within streams as 
important habitat components for individual taxa, yet further classification was beyond 
the scope of their study. The Reach Model described here was designed for perennial 
Hawaiian streams and classifies the stream segments with respect to their 
geomorphological characteristics at a level of resolution designed to include important 
attributes of the habitats of native stream fishes. 
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Instream habitats of the native fishes are not only dependent on physical 
attributes of streams, but also on the life history traits of the fishes themselves 
(McDowall 1993). All native stream fishes and most aquatic macro-invertebrates are 
diadromous. The majority of these are amphidromous, a type of diadromy in which the 
migratory event is not bounded on either end by a reproductive event (Myers 1949, 
McDowall 1997). The important features of this life history pattern are the fishes 
migrations out of and back into streams and the upstream movement by post-larval 
fishes to find suitable habitats. Native Hawaiian stream fishes display different instream 
distributions. Stenogobius hawaiiensis, Eleotris sandwicensis, and Kuhlia xenura are 
euryhaline and are common in the lower ends of streams. These species have little 
ability to climb waterfalls and are restricted to stream sections below the first waterfall. 
Awaous guamensis has moderate climbing abilities and occupies pools and runs in the 
lower and middle sections of streams. Sicyopterus stimpsoni has moderate climbing 
abilities and is usually found in swift water sections of the lower to middle sections of 
streams. Lentipes concolor has the greatest climbing ability of the native fishes and is 
able to surmount waterfalls as high as 100 m (Devick et al. 1996).  
The Reach Model considers the life history traits of the fishes and quantifies 
barriers to migration, distance inland, habitat suitability, and biotic interactions among 
species to determine potential community membership within a reach. In this chapter, 
three issues are considered. 
1. Developing a method to delineate the geomorphic characteristics of a stream. 
2. Describing and quantifying the ecological processes controlling reach 
occupancy in response to the fishes life history patterns.  
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3. Comparing expected distributions with known distributions from field 
surveys. 
Methods 
The model data were based on United States Geological Surveys Digital 
Elevation Model (DEM) at 10-meter resolution. Watershed and stream delineations 
were developed in River Tools 2.4 and ArcView 3.2 software packages. Streams 
modeled in this analysis had field observations of fish distributions surveyed in defined 
stream segments. Distributional data recorded for the native fishes required an accurate 
instream location to allow the placement of the survey site on a GIS coverage of the 
stream. The streams included in the analysis were: Hakalau, Kolekole, and Wailoa on 
the Island of Hawai'i; Waimea, Waiahole, and Kahana on the Island of Oahu; and 
Hanakapiai, Waiahuakua on the Island of Kauai. The Reach Model was developed on 
the basis of geomorphic reach delineation and life history requirements of the native 
fishes. The field observation data set was reserved as a comparative test set for the 
Reach Models expected fish distributions. In this analysis, presence/absence data from 
the field surveys were compared to the Reach Models expected community 
membership for each survey segment in the GIS coverage.  
Geomorphological Characterization of the Streams 
Values for size, slope, and sinuosity were calculated for each stream segment of 
each stream. A stream segment was an unbranched portion of a stream within the 
stream channel network. The degree of confinement was calculated for each 10 m 
stream cell within a grid representation of the stream. The values of each variable were 
stored in two formats: a vector format and a 10 m grid format. These two data formats 
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were needed to allow network connectivity and variable integration to proceed 
efficiently. Unless otherwise noted, the characteristic values were determined in River 
Tools 2.4, the vector analyses were accomplished with ArcView 3.2 with the Network 
Analyst extension, and the grid calculations were carried out in ArcView 3.2 with the 
Spatial Analyst extension. 
Stream magnitude was used to measure stream size, with larger values for 
magnitude representing larger streams.  The Shreve magnitude of an individual stream 
segment is the sum of the total number of upstream stream segments within the drainage 
network (Shreve 1966). A predetermined class system did not exist for the 
categorization of stream magnitude; therefore, a visual comparison of the distribution of 
magnitude values was made for a set of different sized streams. Streams sections with a 
magnitude of less than 50 were viewed generally to be intermittent and removed from 
further analysis. From a magnitude of 50 and above, the classes doubled in size in each 
step (Table 2.1). In each data format (vector or grid), the stream was equally wide from 
the most upstream segment to the mouth of the stream. To allow comparison of habitat 
quantities from a small stream to a large stream, the linear amount of habitat within a 
stream was modified by a size factor. This size factor used the magnitude class to adjust 
for the larger amount of habitat likely found in a stream cell from a large stream than in 
a stream cell from a small stream. To make the size adjustment, each stream cell was 
multiplied by its magnitude class. All analyses described in the results used this 
magnitude-adjusted habitat for comparison.  
Instream slope was calculated for each stream segment. The slope of a stream 
section directly influences water velocities in the stream section. The values for 
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instream slope were classified into five classes consistent with those from Rosgen 
(1996) (Table 2.2). 
 
Table 2.1. Magnitude scale used for differentiation of magnitude classes. 
Class Magnitude range Size reference 
1 50  99 
2 100  199 
3 200  399 
4 400  799 
5 800  1,599 
6 1,600  3,199 
7 3,200  6,399 
8 6,400  12,799 
9 12,800  25,599 












Table 2.2. Slope classes are shown with their slope range measured in percent change 
and the associated bed form descriptions. 
 
Class Slope Range 
(Percent Change) 
Bed Form 
1 ≥10 Steps 
2 9.9 - 4 Cascades 
3 3.9 - 2 Rapids 
4 1.9  1.0 Riffles 
5 < 1.0 Pools 
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Degree of confinement is usually measured as the ratio of the slope next to the 
stream channel to the slope of the valley near the channel. In this analysis, the degree of 
confinement was calculated by resampling the 10 m-slope grid to 50 m or 200 m 
respectively. The resampled grid averaged the slopes for the internal cells. The new 
averaged grids were then resampled back to 10 m-cell size. The original stream slope 
value was subtracted from the new cell values to eliminate the angle of the watershed at 
that cell location. The slope for each cell was classified into one of five slope classes 
(Table 2.2). This technique resulted in the values for the different grids stream cells 
equaling the average slope class usually found within 25 m or 100 m of the stream 
channel. Instead of calculating the ratio, the near stream slopes and valley slopes were 
classified into unique values. The grids were then added together. This grid addition 
resulted in a unique value for each cell (Table 2.3). Cell class membership was then 
grouped into one of five types based on the potential for substrate erosion, transport, or 
deposition: 1 = high erosion, 2 = moderate erosion and moderate transport, 3 = high 
transport, 4 = moderate transport and moderate deposition, and 5 = high deposition. 
Sinuosity is the amount of angular deflection within a stream segment. Sinuosity is 
known to be underestimated when derived from a DEM (Gottschalk and Krasovskaia 
1998); therefore, the classes for the sinuosity groups were smaller than those used by 
Rosgen (1996) to attempt to correct for the phenomenon (Table 2.4).  
The conversion of each of these characteristics (magnitude, slope, confinement and 
sinuosity) into grid format allowed determination of the unique geomorphic 




Table 2.3. The combination of the valley slope and near stream slope, which determines 
the degree of confinement for the stream section. Numbered polygons depict 
confinement class membership. 
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Table 2.4. Classes, ranges, and descriptions used for sinuosity classification of streams. 
 
Class Sinuosity range Description 
1 1  1.05 Straight 
2 1.051  1.15 Slight meander 
3 1.151  1.25 Moderate meander 
4 1.251  1.35 High meander 







Life History Characterization of the Native Stream Fishes 
For the Reach Model, the following spatial controls on fish distributions were 
considered. The occupancy of available habitat by native stream fishes was influenced 
by several factors, which included barriers to instream migration, biotic interactions, 
distance inland, and instream habitat suitability. To determine the instream distribution 
of a species, the maximum potential distribution was assumed to be controlled by a 
combination of distance inland, instream slope, and barriers to migration. This 
maximum potential distribution was then modified by biotic interactions and suitability 
of instream habitat to obtain expected instream distribution. The expected instream 
distribution was further modified within the Reach Model by assuming that the 
occurrence of a viable reproducing population had additional constraints. These 
constraints included the distance or time from the ocean, the ratio of larval output to 
chance of predation, and the barriers to larvae reaching the ocean. 
The differential ability of the native fish species to move upstream and over 
waterfalls has been observed by numerous researchers (Kinzie and Ford 1982, Devick 
et al. 1996, Brasher 1997). Fitzsimons et al. (1997) tested the ability of each native 
species to hold their position in increasing current velocities. Their results coincided 
with the observed longitudinal instream distributions of the native species. Lentipes 
concolor had the strongest ability to hold in current and also occurred furthest upstream. 
Sicyopterus stimpsoni had the next strongest ability to hold in swift water current and 
was found in the middle sections of streams. Awaous guamensis, Kuhlia xenura, 
Eletoris sandwicensis, and Stenogobius hawaiiensis had decreasing ability to hold 
position against the water flow respectively and were found progressively further 
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downstream. Lentipes concolor, S. stimpsoni, and A. guamensis all have the ability to 
climb waterfalls as a result of their fused pelvic fins that form a suction disk. Kuhlia 
xenura, E. sandwicensis, and S. hawaiiensis lack the ability to climb waterfalls and are 
restricted to stream sections below the first substantial waterfall. Barriers to upstream 
movement were estimated from the differences in the station holding and the climbing 
ability of the fishes (Table 2.5).  
 
Table 2.5. Barriers to upstream movement for each species determined by the maximum 
gradient passable. 
 
Fish Species Maximum Gradient Passable 
Lentipes concolor all 
Sicyopterus stimpsoni 20% 
Awaous guamensis 20% 
Eleotris sandwicensis 8% 
Kuhlia xenura 8% 
Stenogobius hawaiiensis 4% 
 
 
If barriers to upstream movement of the fishes do not exist, then fishes are able 
to move some distance inland. The maximum distance a fish can move inland is 
unknown for these species, yet in the largest streams, fish are not found in the most 
inland reaches. A consequence of these fishes diadromous life history is the need for 
newly hatched larvae to return to the ocean soon after hatching. Coupling the need of 
 17
larvae to reach the ocean and of the newly recruiting fishes effort to move inland may 
lead to a restriction of viable native fish populations to stream sections within some 
proximity to the ocean. By combining these two considerations, a maximum inland 
distance of 15 km from the stream mouth was set tentatively for all of the native species 
based on reported population distributions. In addition to the maximum inland distance, 
the cost of inland migration was represented by a distance effect. Three levels of 
modification for the effect of distance are no effect for 0 to 5 km, minimal effect 
(decrease of 33% in habitat) for 5 to 10 km, and moderate effect (decrease of 67% in 
habitat) for 10 to 15 km.   
The final consideration in calculating the maximum instream distribution for the 
native fishes was to develop a relationship between the slope of the stream and the 
instream distance. For Lentipes concolor, Sicyopterus stimpsoni, and Awaous 
guamensis, climbing waterfalls was assumed to have a high energetic cost (slope class 
5), and for all species, the highest slope class passable increased the energetic costs and 
as a result limited inland distribution (Table 2.6). Values in Table 2.6 were multiplied 
with the slope of a stream segment to provide an estimate of the difficultly of upstream 
migration for the species. 
To quantify the potential occupancy of an individual reach, the stream system 
was represented by a vector network. The mouth of the stream was defined as the 
starting point within the network, and each stream segment was weighted by its 
difficulty of passage for a given fish species. The maximum distribution of the species 
was determined by combining the location of the barriers and the slope weighting for 
each section. This linear stream amount was next modified by biotic interactions and 
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instream habitat suitability. Most species occur syntopically within a reach, yet Awaous 
guamensis and Lentipes concolor uncommonly occur together. These species have been 
hypothesized to have competitive interactions because of similar habitat requirements 
and diet (Timbol et al. 1980). For the Reach Model, the potential presence of A. 
guamensis was modeled to result in a 50% decrease in habitat for L. concolor where 
potential distribution overlaps. In addition to competitive interactions, L. concolor is 
rarely observed with Eleotris sandwicensis and Kuhlia xenura. The predatory effects of 
the latter species were hypothesized to account for this pattern, although this hypothesis 
has not been clearly substantiated in stream studies (Kinzie and Ford 1982). To account 
for direct predation effects, the Reach Model did not allow the occurrence of L. 
concolor with the predators E. sandwicensis or K. xenura. The general hypothetical 
effect of predation by E. sandwicensis and K. xenura on migrating L. concolor was also 
considered. The Reach Model applied a 100% loss of larval L. concolor migrants where 
4 km or more suitable habitat for E. sandwicensis and K. xenura existed in the lower 
stream sections. The general predation effect was reduced proportionally when less than 
4 km of habitat for the predatory species existed. 
To this point the Reach Model has only determined the potential presence or 
absence of a species in a stream segment. To determine the suitability of instream 
habitat, general descriptions of habitat use were converted into weighting values for 
instream habitat classes. For instream habitat determination, the combination of slope 
and confinement classes resulted in 25 potential habitat states. Potential use of the 
habitat classes by fishes was determined by considering the average stream velocities 
and substrate types likely present for the habitat class, and comparing these to the 
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general habitat descriptions of the native species (Table 2.7). The values for stream cell 
were multiplied by the likelihood of the fishes presence to determine the suitability of 
the stream cell. 
 
 




 Slope class weighting 
Fish Species 1 2 3 4 5 
Lentipes concolor 5 2 1 1 1 
Sicyopterus stimpsoni 5 2 1 1 1 
Awaous guamensis 5 2 2 1 1 
Eleotris sandwicensis X 5 2 1 1 
Kuhlia xenura X 5 2 1 1 




The potential for recruitment to a stream site is also influenced by a number of 
factors that could not be quantified at the reach level. The recruitment factors included: 
the opening of the stream mouth berm (considered to be equal among reaches in this 
analysis), the presence of conspecifics (not quantifiable in this analysis, assumed not to 
influence potential colonization), and the quantity of potential offshore larval recruits 
(not quantifiable in this analysis, assumed to be non-limiting). 
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Table 2.7. Species of native Hawaiian fishes that occur in each habitat class. Habitat 
classes are derived from the slope class and confinement class.  
 
 Species* 
Habitat Class Slope Class Confinement Class LC SS AG ES KX SH 
1 1 1 0 0 0 0 0 0 
2 1 2 0 0 0 0 0 0 
3 1 3 0 0 0 0 0 0 
4 1 4 0 0 0 0 0 0 
5 1 5 0 0 0 0 0 0 
6 2 1 1 0 0 0 0 0 
7 2 2 1 0 0 0 0 0 
8 2 3 1 0 0 0 0 0 
9 2 4 1 1 0 0 0 0 
10 2 5 1 1 1 0 0 0 
11 3 1 1 1 0 0 0 0 
12 3 2 1 1 0 0 0 0 
13 3 3 1 1 0 0 0 0 
14 3 4 1 1 1 0 0 0 
15 3 5 0 0 1 0 0 0 
16 4 1 1 1 1 0 0 0 
17 4 2 0 1 1 0 0 0 
18 4 3 0 1 1 0 0 0 
19 4 4 0 0 1 1 1 0 
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Table 2.7. Continued. 
 
* Species include Lentipes concolor (LC), Sicyopterus stimpsoni (SS), Awaous 
guamensis (AG), Eleotris sandwicensis (ES), Kuhlia xenura (KX), Stenogobius 
hawaiiensis (SH). 0 indicates species absence, 1 indicates species presence. 
 Slope Classes 1-5 are described in Table 2.2. 
 Confinement Classes 1-5 are described in Table 2.3. 
 
Model Prediction and Testing 
To determine the predicted species membership within a reach of a stream, the 
set of geomorphic and biotic reach modifying factors were combined for each species, 
and then the extent of instream distribution was calculated from the stream mouth. This 
combination of data sets resulted in the total predicted instream habitat distribution for 
each species. To compare the Reach Models results to known species distributions, the 
Reach Models output was compared to field surveys for 16 reaches in eight different 
streams.  
20 4 5 0 0 1 1 1 0 
21 5 1 0 0 1 1 1 0 
22 5 2 0 0 1 1 1 0 
23 5 3 0 0 1 1 1 1 
24 5 4 0 0 1 1 1 1 
25 5 5 0 0 1 1 1 1 
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The streams and the number of reaches within the streams surveyed included 
Hakalau (2), Kolekole (1), Wailoa (2) on the Island of Hawai'i; Waimea (2), Waiahole 
(3), Kahana (3) on the Island of Oahu; and Hanakapiai (2), Waiahuakua (1) on the 
Island of Kauai. To determine the presence or absence of the fishes and the habitat use 
of the fishes, the sampling technique was based on the point-quadrat methodology 
developed for surveys of Hawaiian stream fishes by Dr. R. Nishimoto of the Hawaii 
Division of Aquatic Resources and reported in Baker and Foster (1992). This 
methodology has been shown to be effective for fish surveys in the generally clear and 
shallow Hawaiian streams. Modifications to this technique were used to increase in the 
number of habitat variables recorded so that the surveys would be consistent with this 
and other habitat availability surveys. Use of the point-quadrat method allowed 
collaboration with state biologists already experienced in the method and assured the 
gathering of data compatible with previous stream fish surveys. 
The important aspects of the survey concerning the Reach Model comparison 
included the following. Beginning at the lowermost point of a 100 m to 200 m section 
of a stream, an observer entered the water and moved slowly upstream to a randomly 
selected position. From this position the observer counted all of the observed fishes. 
The species of each fish present was recorded. Between 20 and 30 point-quadrat 
observations were made in each reach survey.  
The results of the comparisons between the modeled results and the survey 
results were divided into three groups: correctly classified, false negative, and false 
positive. False negative results occurred when the model failed to predict the occurrence 
of a fish species where the species was actually observed within the stream segment. 
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False positives occurred when the model predicted the occurrence of a fish species, but 
the species was not observed in the field surveys. In addition to determining reach 
membership, the total area of available habitat for the native species was quantified for 
Waiahole Stream, Oahu as an example of the process. The quantification of stream 
habitat will be more fully explored in Chapter 3 concerning stream-level processes. 
Results 
Sequence of Calculations: Waiahole Stream 
For descriptive purposes, an example of the modeling techniques and results for 
one stream will be fully presented. In other streams in this analysis, the identical 
modeling techniques were applied, but only the pertinent results are reported. The 
Waiahole Stream on the Island of Oahu was used to illustrate the modeling technique. 
Figure 2.1 shows the hillshaded Digital Elevation Model (DEM) of the Waiahole 
watershed, and the stream segments with a magnitude of 50 or greater. The complete 
drainage network (Figure 2.2) and the magnitude clipped stream (Figure 2.3) of the 
Waiahole Stream were derived from the DEM and associated flow grids. The 
magnitude clipped stream was assumed to represent the perennial stream section, and 
resulted in 12,400 m of stream length. Figure 2.4 shows the magnitude classes for 
Waiahole Stream, Oahu. Magnitude class 1 encompassed 2670 m of stream length 
(21.5%). Magnitude class 2 covered 2900 m of the stream (23.4%), and class 3 
contained the largest quantity of the stream at 3820 m (30.8%). Class 4 was the smallest 
class covering 790 m of the stream (6.3%), and class 5 contained 2220 m or 17.9% of 
the total stream length. 
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Figure 2.5 represents the sinuosity classes in Waiahole Stream, Oahu. Waiahole 
Stream was generally straight with the majority of the stream in the first two classes. 
Class 1 contained 5060 m (40.8%) and class 2 contained 6560 m (52.9%) of the stream. 
Class 3 contained 620 m (5%) and class 4 only occurred in 160 m (1.3%) of the stream. 





Figure 2.1. Digital Elevation Model colored to highlight changes in elevation and 





Figure 2.2. Complete stream network delineated from the Digital Elevation Model for 




Figure 2.3. Magnitude clipped stream representation of Waiahole Stream, Oahu. The 
stream segments with a magnitude greater than 50 were assumed to be 







Figure 2.4. Magnitude classes for stream segments of Waiahole Stream, Oahu. Colors 
represent the change in magnitude classes. 
 
 
Figure 2.5. Sinuosity classes for stream segments of Waiahole Stream, Oahu. Darker 






Figure 2.6 shows the distribution of slope classes in Waiahole Stream, Oahu. 
The steepest slope class 1 was least frequently recorded and occurred in 900 m (7.3%) 
of the stream. Class 2 was the most common class and occurred in 4940 m (39.8%) 
Class 3 contained 2860 m (23.1%) of the stream, and 1160 m (9.4%) was contained in 
class 4. The shallowest sloped class 5 occurred in 2540 m (20.4%) of the stream. 
Figure 2.7 shows the location of the confinement classes within Waiahole 
Stream, Oahu. Class 4 was the most common class type for the degree of confinement. 
Class 1 occurred in 11% (1360 m) of the stream, and class 2 occurred in 12.6% (1560 
m) of the stream. Class 3 was predicted to amount to 11.6% (1440 m) of the stream 
length. Class 4 covered 37.9% (4700 m) of the stream length, and class 5 accounted for 
the final 27.2% (3370 m). 
 
 
Figure 2.6.  Slope classes for stream segments of Waiahole Stream, Oahu. Darker colors 







Figure 2.7. Confinement classes for stream cells in Waiahole Stream, Oahu. Colors 




The distribution of habitat classes within Waiahole Stream, Oahu were 
determined from a combination of slope and confinement values in each cell (Figure 
2.8). All of the 25 possible classes were predicted to occur in the stream. The five most 
common classes, in descending order of occurrence, were class 9 (1590 m), class 10 
(1380 m), class 14 (1270 m), class 24 (1150 m), and class 15 (1010 m). These classes 
were all depositional class types of varying degrees. The five least common habitat 
types were: class 16 (160 m), class 18 (130 m), class 3 (120 m), class 22 (60 m), and 
class 17 (50 m). This distribution of classes fits with the shape of the stream valley 
where most of the erosion is occurring on the stream valley walls in the back of the 
watershed, and the sediment is being transported toward and deposited in the flatter 





Figure 2.8. Habitat type classes for stream cells in Waiahole Stream, Oahu. Colors 
represent different habitat classes. 
 
 
Waiahole Stream had 53.2% total suitable habitat for Awaous guamensis, 32.1% 
for Sicyopterus stimpsoni, 30.5% for Kuhlia xenura and Eleotris sandwicensis, 9.2% for 
Stenogobius hawaiiensis, and 5.4% for Lentipes concolor (Table 2.8). Distributions of 
these fishes are displayed in Figure 2.9-2.13 respectively. 
Model Testing 
To this point, the results have quantified the instream habitat of the native 
stream fishes. To test the models predictive capabilities, the results generated from the 
Reach Model were compared with field observations of the locations of the native 
stream fishes. Figure 2.14 shows the sites of the stream surveys in Waiahole Stream on 
Oahu. Site 1 was a low gradient stream section, with primarily sand and gravel 
substrates and with one side abutting a cement retaining wall. The Reach Model 
N1 km
 30
correctly predicted the stream membership at this site, with the exception of Sicyopterus 
stimpsoni (Table 2.9). Sicyopterus stimpsoni was not observed in Waiahole Stream at 
any of the survey sites.  
 
 
Table 2.8. The amount of available habitat and their percent of the total stream for each 
fish species as determined by the model for Waiahole Stream, Oahu. The 


















Species Habitat amount (m) Percent of total stream  
L. concolor 186 5.4 
S. stimpsoni 1097 32.1 
A. guamensis 1819 53.2 
K. xenura 1042 30.5 
E. sandwicensis 1042 30.5 




Figure 2.9. Awaous guamensis distribution classes for stream cells in Waiahole Stream, 




Figure 2.10. Sicyopterus stimpsoni distribution classes for stream cells in Waiahole 






Figure 2.11. Kuhlia xenura and Eleotris sandwicensis distribution classes for stream 





Figure 2.12. Stenogobius hawaiiensis distribution classes for stream cells in Waiahole 








Figure 2.13. Lentipes concolor distribution classes for stream cells in Waiahole Stream, 











Table 2.9. A comparison of predicted (Pr) and observed (Ob) fish distributions for 
Waiahole Stream, Oahu. Shaded areas indicate model-data discrepancies. 
 
 
 L. concolor S. stimpsoni A. guamensis K. xenura E. sandwicensis S. hawaiiensis 
Site Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob 
1 No No Yes No Yes Yes Yes Yes Yes Yes Yes Yes 
2 No No Yes No Yes Yes Yes Yes Yes No No No 
3 Yes Yes Yes No Yes Yes No No No No No No 
4 Yes No Yes No Yes Yes No No No No No No 
 
 
Site 2 was at the mouth of Waianu tributary of Waiahole Stream. This section 
was highly modified by anthropogenic disturbances. The stream had been channelized 
for taro farming and was overgrown with exotic grasses. The Waianu tributary had 
water diversions upstream of the survey area, and the stream discharge was low in 
comparison with the Waiahole main stream nearby. The model correctly predicted the 
community membership, with the exception of Sicyopterus stimpsoni and Eleotris 
sandwicensis. There appeared to be little habitat suitable for S. stimpsoni at this site as a 
result of the stream modifications. Eleotris sandwicensis was not observed in this area 
during the survey, but is a cryptic species and may have been overlooked. 
Site 3 in Waiahole Stream was a riffle, run, and pool section of the stream with 
diverse habitats available in the section. The Reach Model correctly classified the 
community membership in this section of the stream with the exception of Sicyopterus 
stimpsoni, even though instream habitat appeared suitable for this species. Lentipes 
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concolor was not observed in the field survey, yet was observed in the section during 
the site reconnaissance trips. Due to the presence of L. concolor at this site, the site was 
monitored by Hawai'i Division of Aquatic Resources personnel (M. Yamamoto, 
Hawaii Division of Aquatic Resources, personal communication). For this reason, L. 
concolor was considered likely to occur at this site. 
Site 4 in Waiahole stream was just below a water diversion at the beginning of 
the perennial section of the stream. No Lentipes concolor were observed at this site as 
predicted. Awaous guamensis was observed at this site, as expected, yet again 
Sicyopterus stimpsoni was not observed. Water was being released at this site during the 
survey, and the flow was higher than would be normally expected for this small stream 
segment. 
Overall, for Waiahole Stream, the Reach Model predicted the occurence of three 
species (Lentipes concolor, Sicyopterus stimpsoni and Eleotris sandwicensis) more 
often than were actually observed. The Reach Models predictions matched the 
observed distributions of Awaous guamensis, Kuhlia xenura, and Stenogobius 
hawaiiensis. 
Figure 2.15 shows the sampling sites in Kahana Stream, Oahu, and Figure 2.16 
shows the sampling sites in Waimea Stream, Oahu. In most cases, the Reach Model 
predicted the membership of the survey section correctly. False positives occurred in 
three cases in Kahana Stream for Sicyopterus stimpsoni, Kuhlia xenura, and Eleotris 
sandwicensis, and in Waimea Stream for Kuhlia xenura (Tables 2.10 and 2.11).  
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For the Island of Kauai, the Reach Model correctly classified the species 
membership for the site on Waiahuakua Stream (Figure 2.17 and Table 2.12). This 
stream was extremely steep and short, and Lentipes concolor was apparently the only 
species able to colonize this stream. For Hanakapiai Stream, the results were different. 
The two sites on this stream (Figure 2.18) had large populations of native fishes. At the 
first site, L. concolor was not predicted to occur in the section of the stream, but was 
observed at the site (Table 2.13). This observation was the only record of the co-
occurrence of L. concolor and Eleotris sandwicensis in the surveys. At site 2, the Reach 
Model correctly predicted the observed distribution of native fishes (Table 2.13). A 
series of small waterfalls were located in a steep cascading section downstream of this 
site, which prevented the upstream movement of the non-climbing species. 
For the Island of Hawai'i, The Reach Model predicted the fish species observed 
in all sites in all three streams correctly. Figure 2.19 shows the survey sites in Hakalau 
Stream. The two widely separated sites had distinctly different species present (Table 
2.14). Lentipes concolor was the only species present at the upstream site 2, while at the 
downstream site L. concolor and Stenogobius hawaiiensis were the only native species 
not observed.  
In the nearby Kolekole Stream, only one site was sampled (Figure 2.20). This 
site was located near the mouth of the stream, and the Reach Model correctly predicted 
the observed species membership (Table 2.15). Postlarval L. concolor were observed 
but were considered not to be residents of the stream section. Figure 2.21 shows the 
survey locations in Wailoa and Lalakea Streams. As in the other streams on the Island 
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of Hawaii, the Reach Model correctly classified these stream sites with respect to the 




















Figure 2.16. Location of survey reaches in Waimea Stream, Oahu. 
 
Table 2.10. A comparison of predicted (Pr) and observed (Ob) fish distributions for 
Kahana Stream, Oahu. Shaded areas indicate model-data discrepancies. 
 
 
 L. concolor S. stimpsoni A. guamensis K. xenura E. sandwicensis S. hawaiiensis 
Site Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob 
1 No No Yes No Yes Yes Yes Yes Yes No Yes Yes 
2 No No Yes Yes Yes Yes Yes No Yes No No No 
 
Table 2.11. A comparison of predicted (Pr) and observed (Ob) fish distributions for 
Waimea Stream, Oahu. Shaded areas indicate model-data discrepancies. 
 
 
 L. concolor S. stimpsoni A. guamensis K. xenura E. sandwicensis S. hawaiiensis 
Site Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob 
1 No No No No No No Yes Yes Yes Yes Yes Yes 







Figure 2.17. Location of survey reaches in Waiahuakua Stream, Kauai. 
 
 
Table 2.12. A comparison of predicted (Pr) and observed (Ob) fish distributions for 
Waiahuakua Stream, Kauai.  
 
 
 L. concolor S. stimpsoni A. guamensis K. xenura E. sandwicensis S. hawaiiensis 
Site Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob 
















Table 2.13. A comparison of predicted (Pr) and observed (Ob) fish distributions for 
Hanakapiai Stream, Kauai. Shaded areas indicate model-data discrepancies. 
 
 
 L. concolor S. stimpsoni A. guamensis K. xenura E. sandwicensis S. hawaiiensis 
Site Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob 
1 No Yes Yes Yes Yes Yes Yes Yes Yes Yes No No 













Table 2.14. A comparison of predicted (Pr) and observed (Ob) fish distributions for 
Hakalau Stream, Hawaii.  
 
 
 L. concolor S. stimpsoni A. guamensis K. xenura E. sandwicensis S. hawaiiensis 
Site Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob 
1 No No Yes Yes Yes Yes Yes Yes Yes Yes No No 





























Table 2.15. A comparison of predicted (Pr) and observed (Ob) fish distributions for 
Kolekole Stream, Hawaii.  
 
 
 L. concolor S. stimpsoni A. guamensis K. xenura E. sandwicensis S. hawaiiensis 
Site Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob 
























Table 2.16. A comparison of predicted (Pr) and observed (Ob) fish distributions for 
Wailoa Stream, Hawaii.  
 
 
 L. concolor S. stimpsoni A. guamensis K. xenura E. sandwicensis S. hawaiiensis 
Site Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob Pr Ob 
1 No No No No Yes Yes Yes Yes Yes Yes Yes Yes 





Overall, out of a total of 98 possible classifications of species in a reach, the 
Reach Model correctly classified 87 of the pairs. Table 2.17 shows the distribution of 
the classification results. All of the false positive errors occurred in streams on the 
Island of Oahu. These errors were likely the result of degraded habitat quality or a very 
small population of native species within the streams as opposed to the model 
incorrectly classifying the habitat suitability. When these errors were removed from 
consideration as problems with the Reach Models predictive capability, the model 
correctly predicted 87 of 88 possible species combinations for a 98.9% success rate. 
 
 
Table 2.17. Results for the Reach Models predictions vs. the observed distribution of 
native stream fishes. 
 
 Total number Percentage 
Total pairs  98 100 
Correctly classified 87 88.8 
False negatives 1 1.0 




The formation of instream habitat is a dynamic process. As water flows 
downstream, it erodes and transports the basal substrate along the streambed. The local 
distribution of the substrate sizes and the velocity of the water are controlled by 
geomorphic characteristics. As the streams slope increases, the speed of the water 
increases. The faster the water flows, the greater its power to erode and move 
substrates. Additionally, as channel confinement increases, the faster water will flow 
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through a stream segment during a period of high flow. During flood events, the extent 
of stream power varies with the slope and the shape of the stream, and this influences 
the observed patterns of instream habitats (Leopold et al. 1964, Rosgen 1996). The 
Reach Model applies the differing migratory abilities and habitats of the native stream 
fishes to the natural formation of instream habitats. From this synthesis, the model 
provides insight into the potential fish species assemblage of a given stream reach, and 
provides a mechanism to quantify available habitat throughout a stream. 
The results of this analysis concur with distributional patterns described by other 
researchers studying Hawaiian stream fishes. Nishimoto and Kuamoo (1991) describe 
a sequential organization of fishes from the stream mouth upstream with some overlap 
among species, while Brasher (1997) reports a similar sequence with more overlap 
among species. Both of these conditions were observed in the Reach Models results 
and were a consequence of differing stream morphologies. Streams with higher average 
gradients have less overlap among species than do streams with lower gradients. 
The model also provided a mechanism to determine the linear extent of habitat 
within a stream reach, or for the stream as a whole. The suitability of instream habitat 
was determined from a general conceptual picture of the native species habitat use and 
the migratory ability of the different fish species, as opposed to a strict definition of 
microhabitat use.  This conceptual picture provided a broader description of habitat use 
in contrast to the specific determination of microhabitat suitability curves. Microhabitat 
curves that are developed from one stream segment have been difficult to transfer to 
other segments or other streams given the natural variability in local stream morphology 
and downstream barriers to fish migration (Kinzie et al. 1986). 
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The Reach Model showed that the delineation of streams into traditional 
categories such as lower, middle, and upper reach, has little geomorphological basis. In 
terms of instream habitats, the low reach of one stream, for example, may be completely 
different than the low reach of another stream. This convenient classification is an 
oversimplification and probably hinders the comparative resolution among streams. 
Cross-stream comparisons are further confused by the lack of control for the instream 
dispersal capabilities of the native stream fishes. In a test of the applicability of the 
Instream Flow Incremental Methodology (IFIM) for Hawaiian streams, Kinzie et al. 
(1986) found a lack of transferability of the species habitat-use curves among streams. 
This result may have been more a description of the range of habitat use by a species in 
unlike habitats, than a comparison of the predictability of habitat use given similar 
conditions. This possibility did not escape the authors attention, yet the study included 
no mechanism to control for ecological processes being expressed at a larger spatial 
scale than the fishes microhabitat use. 
The Reach Model results highlight the need for management techniques that 
depict instream habitat as a function of the streams natural geomorphic processes. 
Additionally, assessment of the expected species assemblage needs to be performed 
before determining the extent of deviation of the streams condition from its natural 
state. By applying a single standard to all streams, the chances of observing 
anthropogenic disturbances are small and due to the wide range in natural variation. An 
example of the models ability to overcome this situation can be observed by 
considering the Reach Models errors of commission. These errors were associated with 
the model predicting that a species should occur within a stream reach, although the 
 47
species was not observed there during field surveys. Two possibilities exist that may 
cause this result. One is the possibility that the model incorrectly classified the habitat 
as suitable for the fish species when the habitat was actually unsuitable. The second 
possibility is that the habitat was correctly classified, and the fish species was not 
currently occupying the stream reach. The second possibility is more likely correct. The 
Reach Model predicted potential membership without respect to man-made changes to 
the stream or its watershed. All of the false positive errors occurred on Oahu, the most 
developed island in Hawai'i (approximately 80% of the states human population 
resides on Oahu). Waiahole, Kahana, and Waimea streams all have long histories of 
water diversions from the upper ends of the streams, and only recently has water been 
returned to portions of them. In addition to the water diversions, there were large 
populations of introduced fishes in the lower ends of these streams observed during the 
surveys. The false positive errors made by the Reach Model likely reflected the 
transition of historically suitable habitats to unsuitable conditions for the native species.  
The false negative errors, in which the Reach Model predicted that a species 
would not occur in an area, but the species was observed in the field surveys, have a 
different root cause.  These errors have two sources, incomplete understanding of biotic 
interactions and difficultly of determining instream barrier conditions. An incomplete 
understanding of the role of biotic interactions assumed in the Reach Model calls for 
further study. Predation has been hypothesized to control instream distributions of 
island stream fishes on Hawai'i (Kinzie and Ford 1982), Guam (Parham 1996), 
Micronesia (Nelson et al. 1995, 1997), and Trinidad (Zaret and Rand 1971). The direct 
effects of predation are difficult to quantify and are unlikely to be consistent under the 
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wide variation in stream morphologies (Kinzie and Ford 1982). Even though the role of 
predation is unknown, the general idea that predators such as Eleotris sandwicensis and 
Kuhlia xenura prey on larval and juvenile gobies is not an unreasonable assumption 
(Kinzie 1990). Unlike Sicyopterus stimpsoni that lives in swift water habitats, Lentipes 
concolor occupies pockets or pools within the swift water sections. These locations are 
more similar to the typical habitats of E. sandwicensis and K. xenura, and suggest 
higher potential predation for resident L. concolor than S. stimpsoni. Although there are 
reports of co-occurrence of E. sandwicensis and L. concolor (Kinzie and Ford 1982, 
Brasher 1997, this study) the densities of both species appear to be low in the few 
places where they co-occur in comparison to their density when allopatric. Due to this 
rarity of co-occurrence, the assumption of the Reach Model that L. concolor does not 
co-occur with E. sandwicensis and K. xenura likely contributes minimal error to the 
total habitat quantification for these fishes.  
The second situation that could contribute to the false positive errors would be 
the quantification and location of instream migratory barriers. These errors would be 
associated with uncertainty in predicting the upstream dispersal ability of the native 
stream fishes. The Reach Model correctly predicted the upstream distribution of the 
native species, yet the delineation of the exact location of a barrier, usually a waterfall, 
was hindered by the use of slope of the stream segment. The use of stream segment 
slope could not distinguish between a flat 100 m stream segment containing a 10 m 
waterfall and a segment containing an even 10% slope. The 10 m waterfall may have 
constituted a barrier, while the 10% slope section would not. The corollary was also true 
in this modeling technique. A 2 m waterfall may stop Kuhlia xenura, yet this species 
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could traverse a stream segment with a 2% slope. The error was consistent throughout 
the analysis and could be minimized with field verification of the location and height of 
waterfalls. The Reach Model relied on the automated delineation of instream habitat to 
allow rapid assessment of a large number of streams. The organization of the model 
within a GIS framework will allow future studies to refine the local stream conditions 
depicted in the database. 
Further research on the reach level processes in Hawaiian streams would benefit 
from a focus in the following areas. First, increasing the number and spatial distribution 
of fish observations would allow greater refinement in the habitat and migratory 
definitions used for the native fishes in the model. This process in currently underway 
in conjunction with Hawai'is Division of Aquatic Resources. Updating the Hawai'i 
Stream Assessment (1990) database will allow integration of this large database of 
aquatic faunal observations with the GIS database. A second area of possible focus is 
the expansion of the number of species considered in the model. The Reach modeling 
technique could be easily expanded to include data on the native invertebrate species 
thereby providing a more complete description of the native stream community. In 
addition to the native species, there exists ample evidence for direct and indirect 
interactions between native and introduced species. For example, predation by 
smallmouth bass (Micropterus dolomieui) and cichlids (Cichlidae), competition with 
armored catfish (Hypostomus c.f. watwata) and Tahitian prawn (Macrobrachium lar), 
and the transfer of parasites from non-native fishes (Font and Tate, 1994) all could have 
a profound effect in Hawaiian stream ecosystems (Yamamoto and Tagawa 2000). The 
distribution of the introduced fishes and their effects on native species could be 
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analyzed with this general modeling technique. Finally, the Reach Model does not 
consider all possible factors that influence stream fish habitats. Site-specific data on the 
vegetation distribution within the watershed, the timing and distribution of rainfall, or 
the quantity of groundwater seepage into the stream may affect the runoff 
characteristics of the stream, and all can change the overall distribution of instream 
habitat for the native fishes. When these data become available, they can be 
incorporated into the model because of the flexible GIS interface. 
The Reach Model predicts the distribution of native stream fishes and highlights 
the importance of both instream habitat and the migratory ability of the different fish 
species. The Reach Model does not rely on current fish distributions to develop its 
predictions of a species habitat use, which allows the extrapolation of historical 
distributions without the influence of current conditions. This ability will be important 
when viewing the current status of stream fish populations and should provide a 
template for determining the target for restoration projects when stream managers are 
faced with a degraded stream containing few native species.  
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Chapter 3 - Spatial Clustering of Hawaiian Streams 
Introduction 
Determining the types of streams present in the Hawaiian Islands is fundamental 
to describing the variability in native fish habitats at the stream level. Although Hawai'i 
is politically associated with the continental United States, Hawaiian streams are 
biologically and ecologically more similar to those of the islands of the western and 
southern Pacific than to continental waterways (Fitzsimons et al. 2001). Hawaiian 
streams are generally smaller and steeper than streams and rivers on the continental 
North America, yet they have extensive and varied freshwater habitats (Polhemus et al. 
1992). Determining the appropriate structure and characteristics of classification 
systems is critical to organizing perennial Hawaiian streams into functional groups.  
Basic classification attributes differ greatly between continental and oceanic 
island waterways, and include differences in the hierarchical basin structure and the 
inter-connectedness of the river systems. Large continental rivers are naturally 
segregated into hierarchical drainage basins (Sheldon 1988). A large river basin can be 
divided into sub-basins by separating the basins associated with their major tributaries. 
The tributary sub-basins can be further subdivided by their tributaries sub-basins to 
produce the nesting pattern of increasingly smaller basins within their larger group. The 
nested design of this classification keeps the small upstream and large downstream 
segments of a river linked. This classification system is biologically and hydrologically 
sound for large river systems, and allows the comparison among streams and stream 
fishes to be stratified appropriately into areas with a similar position within the basin 
hierarchy (Allen and Johnson 1997). The basin characteristics of Hawaiian streams 
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prevent the application of the classification system. Hawaiian streams flow away from 
the central volcanic peaks of the islands and end in the ocean. Each stream is 
hydrologically unique in that the water in one stream does not join with water in another 
stream downstream. If this continental stream classification was applied to Hawaiian 
streams, 376 separate classes, one for each stream, would be identified.  
Another aspect of continental river classification systems that do not apply to 
oceanic island stream systems is related to the connectivity of the drainage network. In 
a large continental river system, intra-basin faunal similarity is generally much higher 
than the inter-basin similarity (Sheldon 1988). This well accepted pattern within 
continental fish distributions is not found in oceanic stream fish assemblages 
(McDowall 1998). The amphidromous nature of the stream fishes results in high basin-
to-basin similarity, and a single population for each species throughout the islands 
(Fitzsimons et al. 1990). 
Although a basin hierarchy or biological similarity cannot be used to classify 
Hawaiian streams into groups, stream morphology does affect the distribution of 
instream habitat and therefore can be used to classify the streams into functional groups. 
Stream and basin characteristics have been used to assess the potential distribution of 
fish populations over large areas, yet the predictive power of these large-scale models 
has been inconsistent (Wesche and Rechard 1980, Cain et al. 1997).  
In this chapter, a new classification system of Hawaiian streams based on stream 
morphology is proposed. A Geographic Information System (GIS) was used to provide 
spatial data to allow watersheds and their streams to be grouped by morphological 
similarity throughout the Hawaiian Islands. Additionally, the effects of stream 
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morphology on hydrology and native fish habitat availability were described in relation 
to the stream classes. Three specific questions were addressed. 
1. Is there any consistent pattern to the grouping of streams? 
2. If there is a grouping pattern, how do the major morphological characteristics of 
the streams affect this pattern? 
3. What are the implications to the hydrological regime and native streamfish 
habitats in response to the stream types? 
Methods 
The data for this analysis were derived from USGS 1:24,000 digital elevation 
models (DEM) files with 10 m resolution. Individual DEM files were mosaiced and 
processed by using River Tools 2.4 (Research Systems, Inc. 2001) and ArcView 3.2 
software (ESRI, Inc. 1999). For this analysis, a subset of Hawaiian streams was selected 
from all streams contained within the State of Hawaii GIS coverage for perennial 
streams. A stratified random design was used for selection of streams to account for the 
unequal number of streams on each island. Between one third and one half of the 
streams on each island were chosen with the higher percentages on the smaller islands 
with fewer streams. A small number of additional streams were added to the stream 
sample due to their inclusion in other ongoing GIS stream analyses. These streams 
added were: Waiahuakua on Kauai, Waiahole on Oahu, and Waipio and Kolekole on 
Hawaii. 
For each watershed, the following information was recorded: island name, 
watershed basin area, watershed basin relief, total annual within-basin rainfall, total 
annual within-basin solar radiation, and a watershed wetness metric. For each stream, 
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the following were recorded: stream name, stream code, Strahler order of the stream, 
stream channel network magnitude, stream channel network diameter, longest channel 
length (km), total channel length (km), drainage density (1/km), source density (1/km2), 
slope characterization, main channel aspect, and extent of bay development. For the 
terminal section of the stream, the following were recorded: along channel length of 
highest order stream segment, number of links, and stream sinuosity. Streams utilized in 
the analysis and their morphological characters are listed in Appendix I and Appendix 
II.  
Watershed basin area was the upstream drainage area calculated from the outlet 
of the stream to the ocean and was measured in square kilometers. Watershed basin 
relief was the maximum elevation within the watershed and was measured in 
kilometers. Total annual within basin rainfall and total annual within basin solar 
radiation were calculated with a similar technique. The annual rainfall and solar 
radiation coverages from the State of Hawaiis website were converted from vector 
format to triangulated irregular networks format and then to grid format with 50 m by 
50 m cells. This process allowed the distinct lines of equal value to be converted to a 
continuous pattern. The resultant grid coverages were summarized by watershed zone, 
and then total rainfall or solar radiation within each watershed basin was recorded. 
Subtracting the solar radiation from the rainfall created an additional metric named 
watershed wetness metric. This metric was a continuous variable and was intended to 
represent the continuum of wet to dry watersheds without the affect of basin size. 
Strahler order characterized any stream segment with respect to its linkage 
position within a stream network. In the Strahler stream ordering system, a first order 
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stream segment is the beginning segment of the stream network, a second order stream 
segment begins where at least two first order segments join, third order segment begin 
where at least two second order segments join, and so on. By visually comparing the 
Strahler orders of computer generated stream networks to the USGS perennial stream 
coverage for Hawaiian streams, perennial stream channels were generally third order 
and higher. Therefore, a number of the analyses used a pruning method to remove 
segments with a Strahler order of less than three to restrict the comparison to a more 
realistic picture of perennial streams. 
Stream channel network magnitude was a count of all segments within the 
watershed. Stream channel network diameter was the maximum distance in links from 
an exterior link to the terminal outlet of the stream. Longest channel length was 
measured from the stream mouth to the upstream end of the most inland tributary 
segment as a continuous line. Total channel length is the length of the complete stream 
within the stream network. Drainage density is the ratio of total channel length (stream 
segments with a Strahler order greater than three) to watershed area. Source density is 
the ratio of the number of sources (stream segments with a Strahler order equal to one) 
within the stream network to the watershed area. 
The streams slope was characterized by recording the two stream orders with 
the highest average slope. The slope characterization was then converted into one of 
five categories: back (slope greatest in smallest orders), front (slope greatest in largest 
orders), middle (slope greatest in middle orders), ends (slope greatest at smallest and 
largest orders), or even (slope not in other categories). The categories were recoded to 
represent continuous data to allow the inclusion of categorical data into statistical 
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analyses. The recoding was accomplished by viewing the streams from the ocean inland 
and ranking where the steepest sections were encountered. This process ranked slope 
positions into five categories: front (1), ends (2), even (3), middle (4), and back-sloped 
(5) streams. The aspect of the main channel of the stream was categorized into one of 
eight compass readings (north, north-west, west, south-west, south, south-east, east, or 
north-east). 
The extent of bay development was visually categorized into five types: (1) no 
embayment (stream empties into ocean at a straight shoreline section), (2) minimal 
embayment (small indentation near stream mouth or single point near stream mouth), 
(3) moderate embayment (distinct indentation or land point on each side of stream 
mouth, (4) extensive embayment (large, well developed bay with single stream), (5) 
complex embayment (large bay with multiple streams emptying into bay). As in the 
case for the slope characterization, this categorical variable was considered as a 
continuous variable to allow its inclusion in statistical analyses.  
In addition to describing the watershed and overall stream, the highest Strahler 
order segment was characterized to allow comparison of the terminal segment of each 
stream. The morphology of the terminal segment is critical to the organisms that inhabit 
Hawaiian streams because all of the native stream fishes and most of the macro-
invertebrates are amphidromous. This life history pattern requires that individuals pass 
through the terminal section of the stream twice in their lives, after hatching from the 
egg and upon returning from their pelagic larval stage. Therefore, the morphology of 
the terminal portion of a stream plays a large role in determining which species can or 
cannot inhabit the stream. To characterize the terminal section, sinuosity, channel 
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length, and the number of links were recorded. Sinuosity was the ratio of total along 
channel length to straight-line channel length and describes the extent of stream bends 
and meanders within the stream. Generally, sinuosity increases as stream gradient 
decreases (Rosgen 1996). Measures of sinuosity are often underestimated for river 
channels delineated from DEMs (Gottschalk and Krasovskaia 1998), but the error 
associated with use of delineation algorithms was consistent throughout the analysis and 
was therefore assumed to be valid for comparative uses. Along channel length was 
recorded in kilometers for the highest stream order. The number of links was also 
recorded and represents the number of stream segments that join directly into the 
highest order segment. 
To identify the factors important in explaining the variation within the data 
matrix, Principal Component Analysis (PCA) with varimax rotation and an eigenvalue 
greater than 1 stopping rule was used. The morphological data on each stream was 
standardized with a range of zero to one before the applying the PCA. To determine the 
groups of streams, two exploratory clustering methods were compared by using Systat 
8.0 (SPSS 1997): K-means clustering and hierarchical clustering. Before any clustering 
technique was performed, the data for each variable was standardized to range of zero 
to one to remove the effect of different scales of measurement. First, K-means 
clustering with Euclidean distances and 200 iterations were utilized to determine cluster 
patterns of the streams. K-means analysis requires a predefined number of clusters. In 
this analysis, the number of clusters was increased by one from 5 to 14 to view the 
different cluster results. Second, hierarchical clusters were developed by using average 
linkage and Euclidian distances. The degree of correspondence was determined by 
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counting the number of mismatched errors (stream placed within differing groups) 
between the two clustering techniques. The number of K-means clusters with the lowest 
mismatch error rate was chosen as the appropriate level of clustering within the data set. 
Important factors from the PCA were then compared among clusters by observing 
variation between the means and standard error of the means. The results from these 
analyses were used to develop a diagrammatic key to the different clusters of Hawaiian 
streams. 
To determine the changes to stream fish habitat among stream cluster, three 
streams from each stream type (two for each of Cluster 7 and 8) were chosen as 
representative streams for each cluster. These stream were the closest to the center of 
their clusters as judged by their Euclidian distances. By using the methodology 
described in Chapter 2, the total amount of available habitat for each of the native 
species was calculated for each stream. The habitat available for the species within each 
stream type was averaged for use in comparisons among the stream clusters. 
Results 
Of the 150 streams (40% of the 376 perennial streams statewide) in the analysis, 
28 were located on Kauai, 29 on Oahu, 18 on Molokai, 38 on Maui, and 37 on 
Hawaii. The morphology of Hawaiian streams was highly variable particularly with 
respect to stream size. The mean basin area was 17.24 km2 and had a maximum value of 
221.79 km2 (Waimea River, Kauai) and a minimum value of 0.22 km2 (Waiolaa, 
Kauai). Mean basin relief was 1037 m with a maximum of 4,896 m for Piinaau stream, 
Maui and a minimum of 108 m for Waieli Stream, Maui. The maximum Strahler order 
recorded was 8 (Waimea River, Kauai; Wailua River, Kauai; Kiilii River, Oahu) and 
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the minimum recorded was 3 (Waiolaa, Kauai; Haloku, Molokai; Waieli, Maui). The 
median Strahler order was 5 (57 streams). Network magnitude varied from a maximum 
value of 17,224 stream segments (Waimea River, Kauai) to 14 segments (Waiolaa 
Stream, Kauai) with a mean of 1,475 stream segments. Kiilii River, Oahu had the 
largest network diameter of 914 segments, with the smallest network diameter occurring 
in Waiolaa Stream, Kauai. The mean network diameter was 194 segments.  
Principal Component Analysis 
Principal Component Analysis (PCA) reduced the dimensionality of the data set 
to four major factors (Table 3.1). These four factors accounted for 75.25% of the total 
variance within the data set (36.12, 11.38, 15.38, 12.31%, respectively, for the four 
rotated factors). The first factor had high positive loadings on total channel length, 
network magnitude, basin area, longest channel length, Strahler order, and a high 
negative loading on the wetness factor. The first factor represented the size of the 
stream system. The second factor had high negative loadings on drainage density and 
source density. This factor represented the complexity of the branching patterns within 
the stream network. The third factor had a high positive loading on terminal section 
length, medium high loadings on basin relief, number of terminal section links, and 
shape factor. The third factor represented the type of terminal section and the overall 
shape of the basin. The fourth factor had high loadings sinuosity, bay development, and 
slope position. These factors showed the variables important to explaining the variance 





Comparisons of the results of the K-means cluster analysis and hierarchical 
cluster analysis showed generally consistent patterns of clustering. The lowest number 
of mismatched errors between the K-means clusters and the hierarchical clusters 
occurred with eight clusters (Figure 3.1). With eight clusters in the K-means analysis, 
94.7% of the streams were placed in similar clusters as in the hierarchical analysis. This 
high level of correspondence between the different clustering techniques supported the 
validity of the clustering pattern, and further analysis was restricted to the clustering 
results from K-means analysis with eight clusters. Some mismatch errors were expected 
because some streams possessed morphological characteristics intermediate between 
clusters. In reality, there is likely a gradient of stream types from one cluster type to the 
next. The clusters were ordered by stream size due to the importance of stream size in 
the PCA results. The Euclidean distance from each observation to the center of its 
cluster was a measure of how close each individual stream was to the cluster mean. 
Cluster 1 
Cluster 1 contained 24 streams (Table 3.2). These streams were very small 
(mean basin area of 3.56 km2) and narrow (mean shape factor of 0.34). Additionally, 
Cluster 1 streams had steep stream slopes found in the front or near the front sections of 
the stream (mean slope number of 2.17), and the terminal section was generally straight 
(mean sinuosity of 1.14). These streams were likely to have no bay or a slight bay 
associated with the mouth of the stream (mean bay development of 0.38) and an 
average branching pattern in the stream network (mean source density of 92.62). Peleau 
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stream on Hawaii was representative of Cluster 1 streams as this stream was closest to 
the overall center of this stream type. 
Table 3.1. Rotated loading matrix from the Principal Component Analysis. 
Rotated Factors  
Variables 1 2 3 4 
Total Channel Length 0.956 0.002 0.157 0.095 
Network Magnitude 0.953 -0.028 0.100 0.120 
Basin Area 0.945 0.066 0.158 0.101 
Network Diameter 0.861 -0.078 0.362 0.231 
Longest Channel Length 0.793 0.012 0.527 0.099 
Strahler Order 0.761 -0.063 0.066 0.246 
Wetness Factor -0.725 0.160 0.233 0.108 
Drainage Density 0.106 -0.874 -0.008 -0.031 
Source Density 0.047 -0.832 -0.124 0.293 
Length of Terminal Section 0.129 0.024 0.862 0.147 
Basin Relief 0.413 0.136 0.630 -0.079 
Number of Links of the Terminal Section 0.497 0.111 0.586 0.284 
Shape Factor 0.298 0.047 -0.562 0.470 
Sinuosity of Terminal Section -0.027 -0.158 0.337 0.733 
Bay Development -0.185 -0.214 -0.064 0.692 
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Table 3.2. Cluster 1 membership and Euclidean distance of each stream from cluster 
mean. 
 
Stream Island Distance 
Aamanu Hawai'i 0.11 
Alilipali Hawai'i 0.08 
Kupulena Hawai'i 0.09 
Makea Hawai'i 0.13 
Malanahae Hawai'i 0.07 
Onomea Hawai'i 0.14 
Pali Akamoa Hawai'i 0.11 
Papuaa Hawai'i 0.08 
Peleau Hawai'i 0.07 
Poupou Hawai'i 0.11 
Waiapuka Hawai'i 0.11 
Waikoloa Hawai'i 0.19 
Hanawana Maui 0.08 
Kaaiea Maui 0.11 
Kawaipapa Maui 0.16 
Nuaailua Maui 0.08 
Paakea Maui 0.12 
Waihole Maui 0.09 
Anapuhi Moloka'i 0.12 
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Stream Island Distance 
Haloku Moloka'i 0.11 
Kahiwa Moloka'i 0.17 
Pipiwai Moloka'i 0.12 
Waiahookalo Moloka'i 0.13 






Cluster 2 included 34 streams (Table 3.3). These streams were also small, 
although larger than streams in Cluster 1. The mean basin area for Cluster 2 streams 
was 6.93 km2. In contrast to Cluster 1 streams, these streams had their steepest section 
in the back of the watershed (mean slope number of 4.97). Cluster 2 streams had narrow 
watersheds (mean shape factor of 0.37), low bay development (mean bay development 
of 0.29), low sinuosity (mean of 1.15), and a low degree of branching within the stream 
network (mean source density of 61.97). Limahuli Stream on Kauai was the best 





Table 3.3. Cluster 2 membership and Euclidean distance of each stream from cluster 
mean. 
 
Stream Island Distance 
Honokane Iki Hawai'i 0.08 
Kaiwiki Hawai'i 0.12 
Kapehu Camp Hawai'i 0.10 
Kealakaha Hawai'i 0.13 
Kilau Hawai'i 0.09 
Kolealiilii Hawai'i 0.10 
Kupapaulua Hawai'i 0.08 
Haeleele Kaua'i 0.07 
Hanakapiai Kaua'i 0.13 
Kauhao Kaua'i 0.09 
Kinekine Ditch Kaua'i 0.13 
Limahuli Kaua'i 0.06 
Mahinauli Kaua'i 0.12 
Manoa Kaua'i 0.10 
Nualolo Kaua'i 0.10 
Pohakuao Kaua'i 0.13 
Waiahuakua Kaua'i 0.08 
Waiolaa Kaua'i 0.16 
Hahalawe Maui 0.07 
Hanawi Maui 0.11 
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Table 3.3. Continued 
 
Stream Island Distance 
Honomanu Maui 0.12 
Kailua Maui 0.13 
Kapaula Maui 0.10 
Kopiliula Maui 0.10 
Koukouai Maui 0.10 
Kukuiula Maui 0.09 
Manawainui Maui 0.11 
Papaahawahawa Maui 0.11 
Waieli Maui 0.12 
Waikamoi Maui 0.15 
Wailuanui Maui 0.13 
Kaluaaha Moloka'i 0.07 
Ohia Moloka'i 0.07 






There were 19 streams within Cluster 3 (Table 3.4). Cluster 3 streams were 
small (mean basin area of 9.96 km2), yet larger than streams in Clusters 1 and 2. Cluster 
3 streams had narrow shaped watersheds (mean shape factor of 0.32), average 
branching complexity (mean source density of 99.3), and the steepest slope sections in 
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the back of the watershed (mean slope number of 4.9). The terminal section of streams 
in Cluster 3 had average sinuosity (mean 1.35) and bays of moderate development 
(mean 1.58). Niulii Stream was the closet to the center for Cluster 3. 
Cluster 4 
Cluster 4 included 18 streams (Table 3.5). These streams had medium sized 
watersheds (mean basin area of 14.27 km2) with average branching patterns (mean 
source density of 99.97). The steepest sections of the streams were in the back of the 
watershed (mean slope number of 4.94). Cluster 4 streams had extensive bay 
development (mean 3.33) and oval shaped watersheds (mean of 0.52). Waiahole and 
Waikane streams on Oahu were typical of Cluster 4 streams. 
Cluster 5 
There were 39 streams within Cluster 5 (Table3.6).  Cluster 5 streams had 
medium sized watersheds (mean basin areas of 15.14 km2) with average branching 
patterns in the stream network (mean source density of 91.00). These streams had 
slopes associated with the back of the watershed (mean slope number of 4.97) and 
minimal bay development (mean 0.41). The shape of the watershed was generally oval 
(mean shape factor of 0.47). Olowalu on Maui was closest to the center of this stream 
type. 
Cluster 6 
Cluster 6 contained 12 streams (Table 3.7). Streams in Cluster 6 were large and 
in some cases designated as rivers. The average basin area was 50.36 km2, and these 
streams had low complexity in their branching pattern (mean source density of 76.26).  
The watersheds tended to be narrow (mean shape factor of 0.35), and the stream 
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sections with highest slope were found toward the back of the watershed (mean slope 
number of 4.5). Honolii on Hawaii was the closest to the center of this stream type.  
 
Table 3.4. Cluster 3 membership and Euclidean distance of each stream from cluster 
mean. 
 
Stream Island Distance 
Hakalau Hawai'i 0.09 
Halawa Hawai'i 0.09 
Hanawi Hawai'i 0.10 
Kapehu Hawai'i 0.10 
Niulii Hawai'i 0.07 
Pahoehoe Hawai'i 0.10 
Pukihae Hawai'i 0.10 
Anahola Kaua'i 0.13 
Anini Kaua'i 0.15 
Moloaa Kaua'i 0.12 
Hanehoi Maui 0.08 
Honanana Maui 0.09 
Honopou Maui 0.11 
Kahakuloa Maui 0.10 
Kakipi Maui 0.12 
Kuiaha Maui 0.15 
Honouliwai Moloka'i 0.08 
Kawela O'ahu 0.09 
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Table 3.5. Cluster 4 membership and Euclidean distance of each stream from cluster 
mean. 
 
Stream Island Distance 
 
Koloa Oahu 0.10 
Hanamaulu Kaua'i 0.14 
Huleia Kaua'i 0.16 
Waipa Kaua'i 0.09 
Halawa Moloka'i 0.10 
Pelekunu Moloka'i 0.15 
Hakipuu O'ahu 0.11 
Halawa O'ahu 0.11 
Heeia O'ahu 0.07 
Kaalaea O'ahu 0.09 
Kahaluu O'ahu 0.12 
Kahana O'ahu 0.12 
Kapalama O'ahu 0.12 
Keaahala O'ahu 0.11 
Nuuanu O'ahu 0.09 
Waiahole O'ahu 0.08 
Waikane O'ahu 0.08 
Waimalu O'ahu 0.11 





Table 3.6. Cluster 5 membership and Euclidean distance of each stream from cluster 
mean. 
 
Stream Island Distance 
Kumakua Hawai'i 0.11 
Wailoa/Waipio Hawai'i 0.19 
Waimanu Hawai'i 0.13 
Wainaia Hawai'i 0.09 
Waipunahina Hawai'i 0.15 
Aliomanu Kaua'i 0.12 
Kapaa Kaua'i 0.14 
Kawailoa Kaua'i 0.16 
Papaa Kaua'i 0.14 
Waikomo Kaua'i 0.12 
Iao Maui 0.11 
Kahana Maui 0.12 
Kahoma Maui 0.09 
Kapai Maui 0.09 
Launiupoku Maui 0.08 
Nailiilihaele Maui 0.10 
Olowalu Maui 0.07 
Ulaino Maui 0.10 
Wahikuli Maui 0.11 
Waihee Maui 0.10 
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Table 3.6. Continued. 
 
Stream Island Distance 
Waiohonu Maui 0.10 
Kainalu Moloka'i 0.12 
Kawela Moloka'i 0.13 
Waialua Moloka'i 0.09 
Waihanau Moloka'i 0.14 
Waikolu Moloka'i 0.07 
Wailau Moloka'i 0.13 
Kahawainui O'ahu 0.09 
Kaluanui O'ahu 0.11 
Kawainui/Maunawili O'ahu 0.11 
Makaha O'ahu 0.07 
Makua O'ahu 0.07 
Nanakuli O'ahu 0.10 
Niu O'ahu 0.08 
Oio O'ahu 0.11 
Paumalu O'ahu 0.09 
Punaluu O'ahu 0.09 
Wailupe O'ahu 0.07 





Table 3.7. Cluster 6 membership and Euclidean distance of each stream from cluster 
mean. 
 
Stream Island Distance 
Honokane Nui Hawai'i 0.17 
Honolii Hawai'i 0.10 
Kalopa Hawai'i 0.21 
Kolekole Hawai'i 0.18 
Umauma Hawai'i 0.21 
Waikaumalo Hawai'i 0.16 
Hanalei Kaua'i 0.22 
Hanapepe Kaua'i 0.17 
Lumahai Kaua'i 0.14 
Wainiha Kaua'i 0.15 
Honokohau Maui 0.13 
Piinaau Maui 0.08 
 
Cluster 7 
Cluster 7 contained 2 streams (Table 3.8). Both of these streams were very large 
(mean basin areas of 134.33 km2), with one, Kiilii Stream having the longest channel of 
any stream in the analysis. The watersheds for these streams were oval (mean shape 
factor of 0.47), with the steepest slopes found in the back of the watershed (mean slope 
number of 5). These two streams ended in large bays (mean bay development of 3.5). 
These streams had the lowest wetness factor of any cluster, with both streams scoring in 
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the bottom 2% of all streams for this metric. Both Kiilii and Waikele on Oahu are 
equally representative of this cluster type. 
 




Stream Island Distance 
Kiilii O'ahu 0.12 
Waikele O'ahu 0.12 
 
Cluster 8 
Cluster 8 included two streams (Table 3.9). Again, as in Cluster 7, these were 
very large streams (mean basin areas of 178.35 km2). Waimea Stream on Kauai had the 
largest basin area in the analysis. These streams watersheds were among the most 
round of any in the study (mean shape factor of 0.64), had the steepest slopes in the 
back sections, and had low bay development (mean of 1). Waimea and Wailua on 
Kauai were equally representative of this stream type. 
 
Table 3.9. Cluster 8 membership and Euclidean distance of each stream from cluster 
mean. 
 
Stream Island Distance 
Wailua Kaua'i 0.16 




The PCA showed the factors that were a major factor in explaining the variance 
in the data set. The factors (size, shape, bay development, and slope) were used to view 
the relationships between the factor and its associated cluster. 
As a surrogate of the size factor, network magnitude, a variable with a high loading 
factor on the size factor, was used for comparative purposes (Figure 3.2). Cluster 7 and 
8 streams were much larger than the rest of the stream types, and Cluster 6 streams were 
larger than stream types 1 through 5. The size of Cluster 1 through 4 streams roughly 
doubled between each increasing cluster. Stream types 4 and 5 were similar in size. 
From the stream magnitude relationships, the stream clusters were split into four size 
classes and generally had consistent patterns for basin area, total channel length, 
network magnitude, and longest channel length. In order from smallest to largest, these 
classes were small (Clusters 1-3), medium (Clusters 4 and 5), large (Cluster 6), extra 
large (Clusters 7 and 8).  
Basin shape also explained much of the variation within the data set. Three 
general groups were differentiated within the shape variable (Figure 3.3). One group 
included Clusters 1, 2, 3 and 6. These clusters had narrow watersheds. The second 
group had a mean shape factor around 0.5. These watersheds were considered oval. This 
group contained Clusters 4, 5 and 7. The final group had the roundest watersheds in the 


























Figure 3.2. Stream network magnitude compared among stream types 1-8. Error bars 
indicate standard error of the mean. 
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Figure 3.3. Basin shape compared among stream types 1-8. Error bars indicate standard 
error of the mean. 
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The extent of the bay development at the mouth of the stream also showed 
differences among clusters (Figure 3.4). Clusters 1, 2, and 5 had little bay development. 
These streams ended essentially along a straight coastal area. Cluster 8 also had low bay 
development, with both streams emptying into the ocean in areas with a single land 
point nearby. Clusters 3 and 6 had moderate bay development and emptied into the 
ocean in small bays. Clusters 4 and 7 had extensive bay development. These streams 
ended in large or complex bays. Examples of these complex bays that may restrict the 
exchange of stream water with open ocean waters were Kaneohe Bay and Pearl Harbor 
on Oahu. 
Cluster Number

















Figure 3.4. Bay development compared among stream types 1-8. Error bars indicate 




The position of the steepest slope within the stream is also important to the 
hydrological and biological processes within Hawaiian streams. Two groups were 
evident from Figure 3.5. One group was the front-sloped streams of Cluster 1. These 
streams had the steepest sections of the stream located near the front of the watershed. 
Cluster 1 streams differed from the rest of Hawaiian streams in which the steepest 
sections of the stream tended to occur in the back of the watershed. This second group 
included Clusters 2, 3, 4, 5, 6, 7, and 8. 
 
Cluster Number
















Figure 3.5. Stream slope position compared among stream types 1-8. Error bars indicate 
standard error of the mean. 
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Size, shape, bay development, and slope position were used to construct a 
diagrammatic key to the stream clusters (Figure 3.6). The clusters are ordered by size, 
and the lengths of the lines within the key do not represent a similarity distance. This 
key highlights some of the important differences among the clusters, but does not show 
all the variables separating the clusters. 
The frequency for the number of streams occurring within each cluster type was 
variable (Figure 3.7). Cluster 5 (26.0%) was the most frequent stream type, followed by 
Clusters 2 (22.7%), and 1 (16.0%). When regrouped by size, small streams were the 
most common (51.4%), followed by medium sized streams (38.0%), large streams 
(8.0%), and the least common stream size, extra large (2.6%). This relationship was not 
unexpected because a mechanism for increasing watershed size is to capture nearby 
streams. When viewing size as the percent of the total stream channel attributed to each 
cluster, a different picture emerged (Figure 3.8).  The most common stream type in 
terms of linear kilometers was still Cluster 5 (23.7%), but now this cluster was followed 
by Cluster 6 (22.9%), and Cluster 8 (12.5%). When the clusters were grouped by size, 
the most common size class was medium (34.1%), then extra large (24.5%), large 
(22.9%), and lastly small (18.5%). In terms of the shape, Hawaiian streams in clusters 
with narrow watersheds were the most common (59.4%), followed by oval (39.3%), and 
round (1.3%). Within the clusters, the extent of bay development at the mouth of these 
island streams varied from a high of 66% for minimal bay development to 20.7% for 
moderate development to 13.3% for high bay development. Stream slope position 
within the stream clusters showed the steepest slope was most common in the back of 






















Figure 3.7. The percentage of streams that belong to each of the eight stream clusters. 
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Figure 3.8. The percentage of total stream length that occurs in each of the eight stream 
clusters. 
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Comparisons of Native Fishes Habitat among Stream Types 
 
To allow comparisons of fish habitat among the stream types determined by the 
cluster analysis, the total amount of available habitat for each of the native species was 
calculated for each of three streams within the cluster (Table 3.10). The habitat 
available for the species within each stream type was averaged for use in comparisons 
among the stream clusters (Table 3.11). 
      In general, habitat availability increased for most fish species as the stream 
increased in size from Cluster 1 to 8, although all stream types are not necessarily 
suitable for all fish species (Figure 3.9). Figure 3.10 compares the available habitat 
amounts for the native fishes for each stream type. Stream type 1 had habitat available 
for Lentipes concolor only. Stream type 2 had similar amounts of available habitat for 
the three climbing gobies, L. concolor, Sicyopterus stimpsoni, and Awaous guamensis, 
and minimal habitat for the non-climbing fishes, Eleotris sandwicensis, Kuhlia xenura, 
and Stenogobius hawaiiensis. Stream type 3 had the most area available to L. concolor 
in comparison to the other native species. The quantity of available habitat for L. 
concolor was greater than the habitat available for A. guamensis and S. stimpsoni, and 
low amounts of habitat was available for the non-climbing fishes. Stream types 1 
through 3 were the smallest stream types by size, and generally, these small streams had 
more available habitat for L. concolor than for the non-climbing fishes. Stream type 4, 
had a large amount of available habitat for A. guamensis. The habitats for Kuhlia 
xenura, Eleotris sandwicensis, and S. stimpsoni were about equally available, and there 
were more habitats for Stenogobius hawaiiensis than L. concolor in this stream type. In 
stream type 5, the pattern was similar to stream type 4, except higher amounts of habitat 
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were available for L. concolor and S. stimpsoni than for the non-climbing fishes. Stream 
type 6 had the highest quantities of habitat available for L. concolor of any stream type. 
The available habitat for A. guamensis and S. stimpsoni were next most common, and 
the habitats for the non-climbing fishes were the least common. Stream type 7 had large 
quantities of available habitat for A. guamensis and half as much expected for S. 
stimpsoni. In comparison to these species, the available habitat for the other fishes was 
low, although, all fishes had available habitat present. Stream type 8 contained the 
largest quantities of available habitats for the non-climbing fishes of any stream type. 
Awaous guamensis also had large quantities of habitat available. The habitats for L. 
concolor or S. stimpsoni were comparably rare in stream type 8. 
 
Table 3.10. Amount of habitat available for each fish species in various Hawaiian 
streams. 
 
Species* Habitat Availability (m) 
Class Stream  Island LC SS AG KX/ES SH 
1 Peleau Hawaii 81 0 0 0 0 
1 Malanahae Hawaii 269 0 0 0 0 
1 Hanawana Maui 108 0 0 0 0 
2 Limahuli Kauai 157 237 162 0 0 
2 Wawaia Molokai 416 301 211 40 10 
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Table 3.10. Continued. 
Species* Habitat Availability (m) 
Class Stream  Island LC SS AG KX/ES SH 
2 Hahalawe Maui 0 0 80 0 0 
3 Honouliwai Molokai 494 94 181 115 10 
3 Hanehoi Maui 653 69 69 0 0 
3 Niulii Hawaii 306 130 326 20 20 
4 Waiahole Oahu 186 1097 1819 1042 315 
4 Waikane Oahu 33 758 1419 945 284 
4 Heeia Oahu 39 681 1294 918 777 
5 Makaha Oahu 1 1321 1493 505 90 
5 Waikolu Molokai 905 40 110 140 80 
5 Olowalu Maui 373 1112 1287 380 260 
6 Honokohua Maui 1443 1580 2507 678 294 
6 Piinaau Maui 1544 329 527 147 20 
6 Honolii Hawaii 1871 607 940 397 30 
7 Kiilii Oahu 1766 6751 12266 3228 2657 
7 Waikele Oahu 1201 4973 12719 2392 1184 
8 Waimea Kauai 0 3991 10360 6446 3265 
8 Wailua Kauai 40 687 6412 7508 5330 
 
* Species include Lentipes concolor (LC), Sicyopterus stimpsoni (SS), Awaous 
guamensis (AG), Eleotris sandwicensis (ES), Kuhlia xenura (KX), Stenogobius 










 Species* Habitat Availability (m) 
Class LC SS AG KX/ES SH 
1 153 0 0 0 0 
2 191 179 151 13 3 
3 484 98 192 45 10 
4 86 845 1511 968 459 
5 426 824 963 342 143 
6 1619 839 1325 407 115 
7 1484 5862 12493 2810 1921 
8 20 2339 8386 6977 4298 
 
 
* Species include Lentipes concolor (LC), Sicyopterus stimpsoni (SS), Awaous 
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Figure 3.9. The amount of available habitat of each of the native fishes for each of the 






























































































Figure 3.10. The available habitat of the native fishes for stream types 1-8. 
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A new classification of Hawaiian streams was derived from stream morphology, 
which provides an island perspective to the variation in Hawaiian streams. Stream 
characteristics used in the classification were chosen because of their potential 
importance to stream hydrological properties, and to the distribution of the native 
stream fishes. The derived categories of streams highlight the differences among 
streams in terms of their size, shape, steepness and the type of bay at the mouth of the 
stream.  The diagrammatic key (Figure 3.6) will allow the streams not included in this 
analysis to be placed into their appropriate stream type without the need for the 
complicated GIS based character quantification. Importantly, the development of the 
stream type key provides a mechanism to allow the findings of aquatic surveys to be 
compared to results from other studies based on the similarity of their stream 
morphology.  
Hydrological Implications 
The segregation of the morphological characteristics of Hawaiian streams and 
their watersheds has numerous implications for determining the streams hydrologic 
characteristics. Principally the timing and duration of runoff flows change in response 
to basin characteristics. Flows in Hawaiian streams have been termed flashy, for their 
quick rise and subsequent fall after rainfall events (Fitzsimons and Nishimoto 1997). 
This designation was applied to contrast general flow dynamics of Hawaiian streams 
with typical streams in the continental United States. While this description is accurate 
when comparing island streams with the much larger continental streams, the degree of 
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flashiness is affected by the morphological characteristics of the stream and its 
watershed.  
Some of the important characteristic influencing the flow dynamics of a stream 
included stream size, shape and slope. If all other variables are held constant, large 
streams have a slower response, a lower peak, and a longer duration of above average 
flows after a rainfall event than do smaller streams (Leopold et al. 1964). Stream shape 
also affects the shape of the runoff curve. If the rainfall event is distributed over the 
whole watershed, a round watershed can funnel the water to the central channel, which 
results in a large flood peak (Stall and Yuk 1967). In Hawai'i, the rainfall events tend to 
be heaviest in the back of the watershed as a result of the orographic rainfall (Gingrich 
1999). In this situation, streams in narrow watersheds have similar responses to streams 
in round watersheds. As with basin size and shape, the slope of a watershed affects the 
characteristics of the flow duration curve. Watersheds with the majority of the steep 
slopes in the back of the watershed produce pulses of water down the main channel. 
These pulses slowly attenuate over the lower slope front section of the stream. In a 
front-sloped stream, like those in Cluster 1, the pulse from the back of the watershed 
accelerates as it moves toward the front of stream. Front-sloped streams are the flashiest 
of all stream types. The cumulative effect of these factors determines the flashiness of a 
stream type. Table 3.12 shows the stream clusters, and potential the runoff response to 
the different morphological characteristics and hypothesized rank of the overall 
flashiness of the stream cluster.  
The importance of the hydrological regime to the management of Hawaiian 
streams and their native fishes is not completely understood. The need for freshets to 
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clear sediment and organic debris from the stream bottom, limit the growth of aquatic 
vegetation, and to open up the mouth for migrating animals has been postulated as 
essential for a healthy stream ecosystem (Fitzsimons and Nishimoto 1997). This idea 
probably holds true in the more naturally flashy streams (Clusters 1 through 5), yet the 
role of freshets may not be as critical in the larger, low gradient streams (Clusters 6 
through 8). The scouring of the streambed and the reorganization of instream habitats 
may occur during less frequent large flood events. Interestingly, flow variability was 
negatively correlated with an introduced trout species in New Zealand streams (Jowett 
and Duncan 1990) and, in Hawai'i, the variability of flow has been proposed as a 
mechanism to reduce populations of introduced fishes and limit the transmission of 
parasites from the introduced fishes to the native species (Font and Fitzsimons 1997). 
The role of flow variability in the function of Hawaiian stream ecosystems may be 
explained further by comparing ecosystem process at the extremes of the flashiness 
scale of stream types.  
Biological Implications 
One of the goals of the classification of streams into morphologically-similar 
types is the determination of ecologically-similar stream types (Rosgen 1996). 
Comparisons of the available habitat for the native fishes among stream types were 
presented, but the models should include more components of the ecosystems before 
conclusive ecosystem delineations are finalized. From the available habitat 
comparisons, the beginning of a biological classification of stream types exists. The 
small, steep streams that end in a terminal waterfall were termed Lentipes streams by 
Kinzie and Ford (1982) because of the absence of any other fish species in these 
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streams. These Lentipes streams conform to type 1 streams, and Lentipes concolor 
was the sole species predicted by the model to inhabit this stream type. However, the 
designation of these types of streams as Lentipes streams is misleading because even 
though L. concolor had available habitat in these types of streams, the quantity of 
available habitat for L. concolor was much higher in other stream types. If a particular 
stream type was to be named Lentipes stream for greatest quantity of available habitat 
for this species, then stream type 6 would be most appropriate, and type 1 streams may 
then be termed Lentipes only streams. 
 
 
Table 3.12. Ranks of the runoff response for the morphological characteristics of stream 
Clusters 1-8 and the overall flashiness of each stream cluster. In the ranking system, 
values increase as the duration increases and the height decreases in the flow 
duration curve.  
 
 
Cluster Size Shape Slope Rank 
1 1 2 1 1 
2 1 2 2 2 
3 1 2 2 2 
4 2 1 2 2 
5 2 1 2 2 
6 3 2 2 3 
7 4 1 2 3 




The distribution of available fish habitat among stream types shows some 
interesting patterns. In the small to large stream types with narrow watersheds, Lentipes 
concolor was predicted to have the most available habitat (types 1, 2, 3, and 6). As the 
streams reach the largest types, L. concolor is no longer expected to occupy substantial 
sections of the streams. This pattern fits with the generally observed pattern of 
distribution for this species. Typically, L. concolor occupies the upstream sections of 
streams characterized by bedrock and boulder substrate and variable stream velocities. 
Stream types 1, 2, 3, and 6 were likely to have this type of habitat in close proximity to 
the mouth of the stream. A reverse pattern is seen for Awaous guamensis, Eleotris 
sandwicensis, Kuhlia xenura, and Stenogobius hawaiiensis. These fish species had their 
largest quantities of available habitat predicted to occur in the largest stream types. 
These species are typically found in low gradient stream sections because, with the 
exception of A. guamensis, they cannot climb waterfalls. Available habitats for these 
fishes generally decreased in the smaller, steeper stream types. Habitat availability for 
Sicyopterus stimpsoni was evenly distributed with respect to the stream types, although 
stream type 7 was predicted to be highest in overall habitat availability for S. stimpsoni. 
Further research into the role of the extent of bay development, and the addition 
of other stream specific data would aid the classification of Hawaiian streams. The 
extent of bay development was assumed to influence the native amphidromous fishes by 
influencing the exchange of stream waters with the waters of the open ocean. If the 
newly hatched fishes need to reach full strength seawater shortly after migration 
downstream, then a complex bay may hinder meeting this necessity and could result in 
poor larval survivorship. In contrast to this situation, if the bay provided adequate water 
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quality for the developing fishes, then the larval fishes may be more successful at 
returning to the stream than if they were adrift in the open ocean. Another potential 
factor important to the native fishes influenced by the shape and orientation of the bay 
is the timing of formation and persistence of a stream mouth berm (McDowall 1995). 
While the direction and strength of the winds and quantity and timing of rainfall events 
also control berm persistence, the formation of the stream mouth berm may be 
influenced by topographical conditions near the stream mouth. The topographical 
conditions include the general aspect of the stream valley and the degree of bay 
development into which the stream flows. These stream mouth barriers effectively 
lower the potential larval migration into and out of the stream, and their characteristics 
may be associated with the classification of the Hawaiian stream types. 
Additional work into stream or watershed specific aspects of basal geology, soil 
type, land use, and groundwater connectivity may further refine the classification of the 
stream types. When these data are available, they can be added into the analysis for 
further resolution. 
The classification of structural stream types for Hawaiian streams may evolve 
into a classification of ecological stream types as further information on the distribution 
and densities of native fishes and invertebrates are compared to the stream categories. 
The importance of the structural attributes of the streams lies in their influence on the 
important controls of native fish populations like instream habitat, water flow dynamics 
and the maintenance of migratory pathways. Due to the effect of stream geomorphology 
on these population controls, biological studies may reduce the natural variability in fish 
distribution and density measurements by restricting between stream comparisons to 
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streams of a single category. By restricting inter-stream type comparisons, stream 
survey results may attribute observed population variations to variables of interest other 
than the underlying structural differences between the streams. The classification of 
Hawaiian streams into morphologically similar groups will enable a more critical 
comparison of the roles of instream habitat, flow regimes, and the migratory ability play 
in the observed distributions of the native stream fishes. 
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The Hawaiian Islands provide an excellent setting to study the evolution of 
stream habitats on oceanic islands. Darwin first described the sequence of the 
evolution of tropical oceanic islands in 1842. The islands were formed by volcanic 
eruption, and began as large, steep, high islands. As the islands subside and erode, 
their overall elevation diminishes, and coral reefs form around the low islands. When 
the remnant volcanic islands subside under the ocean surface, the coral reefs continue 
to grow upward toward the surface and an atoll is formed. When the coral reefs can no 
longer keep pace with the islands downward subsidence, the atoll is drowned and the 
island becomes a guyout. Within the Hawaiian Archipelago and Emperor seamount 
chain, all of these stages of islands can be observed (Grigg 1988). In the lower 
Hawaiian Islands, the islands range from the young, active volcanoes on the Island of 
Hawaii, to the nearly 5.5 million year old Island of Kauai. These islands are all in the 
high island stage, although the effects of erosion and subsidence have altered the 
physical appearance of the older islands. The Island of Hawai'i is still almost a smooth 
volcanic peak, while Kauai is heavily dissected by stream valleys.  
Because rainfall is the primary source of stream water, the distribution of 
rainfall is the most important factor in determining the development of perennial 
streams on high islands. In the lower Hawaiian Islands, the distribution of rainfall 
varies widely with high amounts of rain on the windward side of the islands and low 
amounts on the leeward sides. Orographic rainfall, the result of the cooling of 
moisture-laden air as it is forced up over the island, accounts for much of the water in 
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perennial streams (Fitzsimons et al. 1996). In Hawaii, tradewinds blowing from the 
northeast cause the orographic rainfall and have resulted in the highest concentrations 
of perennial streams on the windward side of the islands (Nishimoto and Kuamoo 
1997). In addition to the rainwaters contribution to stream flow, ground water can be 
a large portion of the flow in some streams, although groundwater is generally a 
smaller component of overall stream discharge (Gingerich 1999). Over the lifespan of 
the island, the variation in the distribution and quantity of water in the streams affects 
the degree of erosion caused by streams. The combination of time and stream flow 
may result in a predictable pattern of the distribution of stream types and, therefore, 
influence the quantities of habitat available to the native fishes on each island. 
In addition to studying the evolution of stream habitats, the observed 
distribution of stream types and their associated habitats is a first step to understanding 
the large-scale distributional patterns of amphidromous fishes. By quantifying the 
overall extent of habitat available to each of the native fishes on an island, island-
specific patterns of the native species populations may be inferred. McDowall (1998) 
cautions against a strict reliance on instream habitat conditions as a predictor of 
amphidromous fish abundance due to the large-scale oceanic processes controlling 
recruitment success. This is a wise precaution, yet to aid in understanding the large-
scale recruitment processes, the distribution of available habitats provides an estimate 
of the expected islandwide population size of adult fishes to compare with 
observations of larval recruitment. 
In this chapter, an island-level analysis compares the distribution of stream 
types, determined in Chapter 3, among the lower Hawaiian Islands to relate the 
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changes in the morphology of the perennial streams associated with the aging of the 
islands.  In addition, the changes in the distribution of instream habitats for native 
fishes are related to the evolution of stream types across the islands. Finally, this 
island-scale analysis quantifies the availability of habitat among the lower Hawaiian 
Islands to allow estimates of the natural distributions of the native fish species. 
The goal of this island-level analysis is to describe the spatial distribution of 
stream types across the lower Hawaiian Islands. Three specific questions will be 
addressed: 
1. Are the different stream types distributed randomly across the different 
islands? 
2. If not, is there a pattern to the distribution of stream types and their major 
morphological characteristics? 
3. What is the distribution of available habitats for the native stream fishes across 
the islands? 
Methods 
Perennial streams are found on five of the lower Hawaiian Islands, Hawaii, 
Maui, Molokai, Oahu, and Kauai. A random selection of 150 streams from these 
islands was clustered, independently of their island of location, into similar stream 
types (Chapter 3). The stream cluster analysis of Chapter 3 focused on differentiating 
the streams into structural and functional groups. In this analysis, the pattern of 
distribution of the stream types across islands was examined. Additionally, stream 
morphology was compared among islands independently of the stream type that was 
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determined in Chapter 3. Finally, the distribution of available stream fish habitat as a 
function of the stream type was compared across islands. 
To determine if the stream types were randomly distributed across the islands, 
the frequency of each stream type on a given island was compared among islands. The 
data were analyzed with a contingency table analysis and visual comparison. 
Additionally, the basin area, shape, bay development, and slope of the streams 
examined were compared among islands to determine if these major morphological 
characteristics were independent of island membership. These data were analyzed with 
separate one-way Analysis of Variance (ANOVA) for each morphological character. 
The slope factor data were rank transformed, and the ordinal bay development data 
were considered as ranks, in order to meet the assumptions of normality and 
homogeneous variance of an ANOVA (Conover and Iman, 1981). However, the basin 
area and slope data could not be transformed to correct the heteroskedastic variance of 
the data and therefore could not be statistically analyzed. Post-hoc Least Squares 
Deviations (LSD) pairwise comparisons with Tukeys corrections were applied to 
analyses where significant differences were obtained (α=0.05). All Statistical analyses 
were performed with SYSTAT v 8.0 (SPSS, Inc. 1998). 
To determine if patterns exist in the distribution of stream fish habitats across 
the islands, the frequency of available habitat (derived in Chapter 3) was compared 
among islands. For each island, the observed frequency of stream types was multiplied 
by the overall number of streams found on the island. This result provided an estimate 
of the total number of streams in each stream type for each island. The average 
available habitat for each stream type was multiplied by the estimate of the total 
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number of its stream type to determine overall available habitat quantity for each 
species on each island. The results for the distribution of available habitat for the 
native fishes were visually compared across islands to observe any trends. 
Results 
Stream Type Distribution Across Islands 
Stream types were not distributed randomly among the islands (Χ2 = 101.332, 
p < 0.0009). Although the probability value for this contingency table analysis 
indicated a highly significant result, the average expected frequency for each cell was 
3.75. In order to perform a significance test with α as small as 0.05, the expected 
frequency should be at least 6 (Zar 1996); therefore, the results of this significance test 
were of low power. However, comparison of the percentage of stream types on each 
island (Figure 4.1) and the percentage of streams compared among islands within each 
stream type (Figure 4.2) indicated that the distribution of stream types on islands was 
not random. On the Island of Hawaii, the most frequent stream type was type 1 
(32.4%), and stream types 2 (18.9%), 3 (18.9%), 5 (13.5%), and 6 (16.2%) were each 
approximately half as frequent as type 1. Stream types 4, 7, 8 were not recorded for 
the Island of Hawaii. On Maui, the most common stream types were 2 (34.2%) and 5 
(28.9%), and types 1 (15.8%) and 3 (15.8%) were about half as abundant. Type 6 was 
infrequent at 5.3%, and stream types 4, 7, and 8 were not recorded on Maui. On 
Molokai, stream types 1 (33.3%) and 3 (33.3%) were the most abundant. Type 2 
(16.7%), 4 (11.1%), and 3 (5.6%) were less commonly observed, and types 6, 7, 8 
were not recorded. On Oahu, stream types 4 (44.8%) and 5 (41.4%) were the most 
common, types 3 (6.9%) and 7 (6.9%) were uncommon, and types 1, 2, 6, and 8 were 
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not recorded. On Kauai, stream type 2 was the most common type at 39.3%. The next 
most common on Kauai was type 5 (17.9%), followed by type 6 (14.3%), 3 (10.7%), 
4 (10.7%), and 8 (7.1%). Stream types 1 and 7 were not recorded on Kauai. 


































































Figure 4.1. The frequency of stream types across islands. Each plot represents the 
stream type distribution on an island as indicated. For each graph, the stream types 




Figure 4.2 compares the percentage of streams on each island that belong to 
each stream cluster. This chart indicates which islands contained the largest 
percentage of each stream type, but does not take into account the number of streams 
from each island included in the analysis. Hawai'i and Maui contained a large 
proportion of the streams utilized in the analysis due to the large number of streams 
that occur on these islands; therefore, these islands contain a greater percentage of 
each stream type. Type 1 streams were only found on three islands, 50% were found 
on Hawaii, and 25% were found on both Maui and Molokai. Type 2 streams did not 
occur on Oahu; however, 38.2% occurred on Maui, 32.5% on Kauai, 20.6% on 
Hawaii, and 8.8% on Molokai. Stream type 3 occurred on all islands: 36.8% on 
Hawaii, 31.6% on Maui, 15.8% on Kauai, 10.5% on Oahu, and 5.3% on Molokai. 
Type 4 streams only occurred on three of the islands: 72.2% on Oahu, 16.7% on 
Kauai, and 11.1% on Molokai. For stream type 5, 30.8% were found on Oahu, 
28.2% on Maui, 15.4% on Molokai, 12.8% on Hawai'i and Kauai. Type 6 streams 
did not occur on Molokai or Oahu, and half of these streams were recorded from 
Hawaii, followed by 33.3% from Kauai, and 16.75 from Maui. All type 7 streams 
occurred on Oahu, and all type 8 streams occurred on Kauai.  
Stream Morphology Across Islands 
Important morphological characteristics of Hawaiian streams were compared 
among islands. These characteristics included: stream size, watershed shape, the extent 
















































































Figure 4.2. The distribution of stream types among islands. Type 7 was observed only 
on Oahu and type 8 was observed only on Kauai and neither are not shown. 
 
 
Morphological Characters: Size 
The basin area of a stream was chosen as representative of stream size. Due to 
the heterogeneity of the variance for this characteristic even after transformation, no 
valid statistical procedures were available. The data for basin area showed that Kauai 
had the largest average basin area for its streams and Molokai had the smallest 
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average basin area (Figure 4.3). One problem with viewing the changes in basin area 
on each island was the large differences in overall island sizes. It could be expected 
that the size of the island was directly related to the size of the stream basins, with 
large islands having large streams and small islands having small streams. To remove 
the effect of overall island size from this character, the basin area variable was 
standardized by dividing the basin area by the total area of the island. The data for the 
standardized basin area showed an increasing pattern for area from Hawai'i to Kauai 
in geographic order.  
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Figure 4.3. Basin area and standardized basin area for the streams types found on each 
island. Standardized basin area was standardized by island size. Error bars 
indicate standard error. 
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Morphological Characters: Watershed Shape 
Watershed shape differed among islands (ANOVA, F4,145 = 39.709, p<0.0009). 
The watersheds of Hawai'i and Maui were not significantly different from each other. 
These watersheds were more straight and narrow than those on Molokai, Oahu, and 

































Figure 4.4. Average basin shape for stream types across the islands. Error bars indicate 
standard error, and letters indicate membership into two significantly 





Morphological Characters: Bay Development 
Bay development was significantly different among islands (ANOVA, F4,145 = 
5.952, p < 0.0009) (Figure 4.5). Bay development was most extensive on Oahu, and 
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significantly greater than that of Hawai'i, Maui, and Molokai. Bay development on 
Kaua'i was in between these two groups and not significantly different than either.  
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Figure 4.5. Bay development at the mouth of streams across the islands. Error bars 





Morphological Characters: Slope Position 
Table 4.1 and Figure 4.6 compare the slope position of streams across islands. 
Due to the heterogeneity of the variance in these data even after transformation, no 
valid statistical procedures were available. The data showed little variance in the slope 
positions among islands because the steepest slopes of the majority of streams (73%) 
occur in the back of the watershed (slope position 5). All of the streams examined on 
Oahu and all but one stream on Kaua'i had their steepest slopes in the back of the 
stream. In contrast, some streams examined on Hawai'i (14), Maui (7), and Molokai 
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(5) had ends (position 2) or even (position 3) slope positions. Front-sloped streams 
occurred only on Hawai'i and Molokai, each island with one stream each.  
 
Table 4.1. Frequencies of streams with slope postions 1-5 on each island. 
 Island 
Slope Position Hawai'i Maui Molokai Oahu Kauai 
1 - Front 1 0 1 0 0 
2 - Ends 8 4 4 0 0 
3 - Even 6 3 1 0 0 
4 - Mid 2 0 0 0 1 
5 - Back 20 31 12 29 27 
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Figure 4.6. The position of the steepest slope within the stream across the islands. 
Error bars indicate standard error 
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Distribution of Available Fish Habitat Among Islands 
The extent of available habitat was determined for each native fish species 
across the Hawaiian Islands (Table 4.2). The amount of habitat was calculated 
independently of current stream conditions and represents the potential habitat 
available for native fishes. The overall pattern of the distribution of the available 
habitat for the native fishes was a decrease in habitat from the island of Hawai'i to 
Maui to Molokai, a large increase in habitat on Oahu, and followed by a decrease in 
habitat from Oahu to Kauai (Figure 4.7).  
 
Table 4.2. The total amount of available habitat for each of the native fishes on each of 





 LC SS AG KX or ES SH 
 Hawai'i 65106 39235 53641 16131 5298 
 Maui 33375 31991 38322 11748 4470 
 Molokai 9671 14939 19404 8362 3691 
 Oahu 19645 63347 109246 43246 22290 
 Kauai 28059 38111 75524 45892 25114 
 
* Species include Lentipes concolor (LC), Sicyopterus stimpsoni (SS), Awaous 























Kuhlia xenura or Eleotris sandwicensis
Stenogobius hawaiiensis
 





The percentage of total available habitat for each of the native species varied 
among islands (Figure 4.8). The majority of the available habitat for Lentipes concolor 
occurred on Hawai'i and was followed by Maui, Kauai, Oahu, and Molokai, in 
descending order. Sicyopterus stimpsoni and Awaous guamensis displayed similar 
patterns of available habitat across the islands. For both species, Oahu contained the 
majority of the available habitat, and lower amounts of available habitats were 
expected for Kauai, Hawai'i, Maui and Molokai respectively. More available habitat 
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for A. guamensis was expected on Kauai and Oahu than the habitats for S. stimpsoni. 
The habitats for S. stimpsoni were more common on Hawai'i, Maui, and Molokai than 
the habitats for A guamensis. The pattern for the distribution of available habitat for 
Kuhlia xenura, Eleotris sandwicensis and Stenogobius hawaiiensis followed similar 
patterns. Habitats for these species were most common on Kauai, and were followed 
by Oahu, Hawai'i, Maui and Molokai in descending order. 
The percent availability of habitats for all fish species on each island also 
showed different patterns (Figure 4.9). On the island of Hawai'i, Lentipes concolor 
had the most available habitat (36.3%), followed by habitat availability for Awaous 
guamensis (29.9%), Sicyopterus stimpsoni (21.9%), Kuhlia xenura and Eleotris 
sandwicensis (9.0%), and lastly Stenogobius hawaiiensis (3.0%). Maui streams had 
the most available habitat for A. guamensis (32.0%), followed by L. concolor (27.8%), 
S. stimpsoni (26.7%), K. xenura and E. sandwicensis (9.8%), and S. hawaiiensis 
(3.7%). On Molokai, habitat availability was as follows: 34.6% for A. guamensis, 
26.6% for S. stimpsoni, 17.2% for L. concolor, 14.9% for K. xenura and E. 
sandwicensis, and 6.6% for S. hawaiiensis. On Oahu, A. guamensis had almost twice 
as much available habitat (42.4%) as compared with any other species. Following A. 
guamensis in decreasing order of habitat availability on Oahu were S. stimpsoni 
(24.6%), K. xenura and E. sandwicensis (16.8%), S. hawaiiensis (8.6%), and L. 
concolor (7.6%). Kauai streams had the most available habitat for A. guamensis 
(35.5%), followed by K. xenura and E. sandwicensis (21.6%), S. stimpsoni (17.9%), L. 
concolor (13.2%), and S. hawaiiensis (11.8%). For the entire Hawaiian High Island 
chain, A. guamensis (35.9%) had the most available habitat and was followed by S. 
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stimpsoni (22.7%), L. concolor (18.9%), K. xenura and E. sandwicensis (15.2%), and 
S. hawaiiensis (7.4%). 
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         Species
LC = Lentipes conclor
SS = Sicyopterus stimpsoni
AG = Awaous guamensis
KZ/ES = Kuhlia zenura and 
                Eleotris sandwicensis












Distribution of Stream Types 
The distribution of stream types among the lower Hawaiian Islands was not 
random. If the Hawaiian Islands are examined as replicates in time, then the 
distribution of stream types appears to change with the age of the islands. Likewise, 
the distribution of available fish habitat also followed patterns across the islands that 
appeared consistent with the changes in the islands ages. 
The dynamic processes of volcanism, subsidence, and erosion have formed the 
present day shape of oceanic islands. The Hawaiian Islands were and still are being 
formed from volcanoes over a midplate hotspot (Menard 1986). As soon as the 
volcanoes rise above the sea, the forces of erosion begin to wear away at the islands 
surface. Upon these volcanic mountains, the rainfall runoff cuts stream channels into 
the landscape and forms perennial streams.  The streams begin as straight, evenly 
sloped channels with short to moderate stream lengths and terminate directly into the 
wave-exposed shoreline (type 1). Over time, the streams begin to cut deeper into the 
island, the drainage pattern becomes more complex, and the watershed begins to 
widen (types 4-5). As the streams get larger, their erosive ability increases and they 
move more of the substrate downstream. The positions of the streams steepest slopes 
shift upstream as lower sections are eroded and subsequently filled in with sediment 
from upstream sources. As the streams continue to move sediment downstream, the 
front stream sections become flatter and contain mostly depositional substrates, and 
the back of the streams become steeper, and free of loose sediment which reveals 
bedrock and boulder substrates (types 2-8). As erosion causes watersheds to widen, 
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smaller neighboring streams are captured, and wider watersheds with more complex 
drainage networks develop. Island subsidence also plays a role in shaping stream 
morphology. One consequence of island subsidence is the drowning of the front 
portions of the stream valley, which can lead to bays developing at the mouth of the 
streams (types 3, 4, 6, and 7). Another consequence of island subsidence is a decrease 
in an islands elevation. When an islands elevation drops low enough for the rain 
clouds to be pushed around and over the highest peaks, rainfall patterns change from 
most of the rain falling on the windward slopes to the rain falling all around the 
highest peaks. This change in the distribution of rainfall allows for the development of 
streams flowing down across the leeward slopes. The pattern described here is a 
general trend, and the stage of development of an individual stream may differ due to 
local circumstances.  
Implications to Native Fishes 
The general trend in stream evolution as oceanic islands age, as described 
above, has important implications for the distribution of available habitats for native 
stream fishes. As streams change from small, straight, steep streams to large, complex, 
flat streams, the habitat availability of the native fishes also changes. Lentipes 
concolor had the most available habitat on the youngest island (Hawai'i) and in the 
simplest stream type (type 1). Lentipes concolor had the most habitat on Hawai'i, the 
least habitat on Molokai, and did not have much habitat on Oahu or Kauai. 
Compared to other native fishes, L. concolor occurs in the most upstream, steep 
sections of the stream (Devick et al. 1996). In streams on older islands, this habitat 
type was found further away from the stream mouth than in streams on younger 
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islands, and resulted in less available for this species on older islands. The available 
habitat for Sicyopterus stimpsoni is generally found on all islands. Sicyopterus 
stimpsoni is found in swift water sections of streams and has been considered a species 
associated with larger streams (Kinzie 1988). The largest quantities of available 
habitat for S. stimpsoni occurred in the large stream type 7 (Chapter 3), but habitats for 
this species were available in most stream types. In this study, both type 7 streams 
were located on the Island of Oahu. These streams are now highly modified by 
human activity, and it is doubtful that large populations of S. stimpsoni still occur in 
these streams. The most commonly available habitat in Hawaiian streams was 
predicted for Awaous guamensis. This species is typically found in pools and runs of 
low to middle reaches of streams above the estuary (Ego 1956). This type of habitat 
was more common on older islands, and in turn, the older islands of Oahu and Kauai 
had greater quantities of habitat for A. guamensis than for any other species. These 
high quantities of available habitat may be correlated with high populations of A. 
guamensis. The large amount of habitat may have contributed to a large population 
and would account for the relatively recent fishery for this species on Kauai (Ego 
1956). Kuhlia xenura and Eleotris sandwicensis, whose distributions were modeled by 
using the same habitat requirements, had more available habitats on older islands. 
Neither of these species can climb waterfalls and are restricted to stream sections 
below the first instream barrier (Kinzie 1990). On older islands, waterfalls tend to be 
located further inland, and longer sections of the streams were available as habitat for 
these two species. The habitat available to Stenogobius hawaiiensis also was greater 
on older islands compared to younger islands. Stenogobius hawaiiensis is found over 
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fine substrates in slowly flowing waters (Kinzie 1990). This habitat was most common 
on Oahu and Kauai in the large, low gradient streams. Overall, three patterns were 
expected for the habitat availability for the native fishes. The first pattern was an 
inverse relationship between habitat availability and island age. The distribution of 
available habitat for L. concolor was most representative of this first pattern. The 
second pattern was equally distributed habitat availability on all islands, and the 
habitat availability for S. stimpsoni was most like this pattern. The final pattern was a 
positive relationship between habitat availability and island age. The distributions of 
available habitat for A. guamensis, K. xenura, E. sandwicensis, and S. hawaiiensis all 
fit this pattern. 
The natural evolution of stream fish habitats as an island subsides and slips 
below the ocean highlights one of the adaptive consequences of amphidromy. The 
geologic history of the Hawaiian Archipelago and Emperor Seamounts indicates the 
position of a hot spot under the mantle of the ocean floor (Grigg 1988). Islands have 
been forming and then drifting off to the northwest for the past 70 million years (Grigg 
1988). The Island of Hawai'i is presently over the hotspot and is aged at less than 1 
million years old. While it is impossible to determine the length of time that 
amphidromous stream fishes have been present in the Hawaiian Islands, it not 
impossible to imagine the fishes inhabiting similar instream habitats on islands that 
were once high islands and are now deep under the Pacific Ocean northwest of the 
lower Hawaiian Islands. The pelagic larval stage, characteristic of amphidromous 
stream fishes (and most coral reef fishes), allows the fishes to colonize widespread 
habitats wherever the larvae find suitable conditions for settlement. 
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A more short-term view of the consequences of amphidromy and the role of 
habitat quantities involves estimating the general chances for a stable recruitment 
pattern. At the island-level of spatial resolution, it cannot be determined whether or 
not a fish will be present in a stream, only if the stream contains available habitat and 
could potentially harbor fish. The general suitability of a region of an island or the 
whole island can be characterized by the amount of available habitat within its 
streams. Characterization of regional population potentials is an important 
consideration because of the stochastic recruitment patterns caused by the fishes 
pelagic larval stage. Larval amphidromous fish can spend up to six months in the 
ocean and must return to an island with a suitable stream present for successful 
recruitment to occur (Radtke and Kinzie 1996). Due to this difficult larval migration, 
the probability of successful recruitment is thought to be low (Kinzie 1988). Details of 
the migration of the larval fishes from a stream into the ocean, and then back into a 
stream are poorly understood. Although there is evidence for gene flow throughout the 
Hawaiian Islands, the extent of the movement of larval fishes between islands is 
unknown (Fitzsimons et al. 1990, Zink et al. 1996, Chubb et al. 1998). As distance 
from the source stream increases, it is likely that the chance of successful recruitment 
decreases (MacArthur and Wilson 1967). Undoubtedly, some long distance 
recruitment occurs, yet the difficulties (difficult upstream migrations, flashy flow, 
predation and/or competition) facing the fishes in the freshwater portion of their lives, 
indicate that populations must receive regional larval recruitment. The assumed high 
levels of mortality on larval fishes during their oceanic phase may be offset by the 
production of larval fishes from a large number of streams. The spatial variability of 
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instream conditions favorable to spawning may produce a steady output of larval 
fishes over a region or island, and may increase the chances for a successful 
recruitment event when the window of opportunity opens.  
Management Considerations 
Management plans should be developed with consideration of island-specific 
patterns of stream fish habitat to ensure the continuation of important source 
populations. The plans should independently address the needs of the most common 
and most rare species found on the island.  By protecting the habitat for the most 
common species on a given island, the chances of this species going extinct 
throughout the islands would be minimized. This approach would protect the largest 
source populations. In contrast to this strategy, protecting habitats for rare species 
would ensure the continued wide spread distribution of this species. This widespread 
distribution would provide insurance against a single islands population collapse, and 
possibly prevent inbreeding or a genetic population bottleneck. The island-specific 
conservation plan would benefit the native fishes as opposed to a one size fits all plan 
that may be overly restrictive or overly generous given the differing island conditions. 
The dynamic interaction between deterministic habitat requirements and stochastic 
recruitment processes has been the focus of many studies for both coral reef fishes 
(Sale 1977, 1978) and freshwater stream fishes (Gorman and Karr 1978, Grossman 
and Freeman 1987, Ross et al. 1985, Strange et al. 1992). Undoubtedly, both processes 
are important for amphidromous stream fishes, yet the spatial scales at which these 
processes are viewed are substantially different (McDowall 1995). Although design of 
this island level analysis has no provisions to quantify the recruitment potential in an 
 118
individual stream, the description of the distribution of stream types and fish habitats 
may provide a template to assess the results of future recruitment studies. 
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Chapter 5. Overall Conclusions 
 
Spatial Models for native stream fish habitats were developed for the perennial 
streams on the Hawaiian Islands to aid in understanding the fishes observed 
distributional patterns. Understanding the problem of pattern and scale is a central 
problem in ecology and fundamental to understanding the link between populations 
and ecosystems (Levin 1992). Fishes in Hawaiian streams are often studied at the 
microhabitat or site scale, which may or may not facilitate a clearer understanding of 
the systems organizing processes. Pattern in ecosystems is a function of the scale of 
observation, and there is no single correct scale at which to view the ecosystem. The 
key to understanding pattern and to making the patterns useful for cross-system 
comparisons is the explicit use of a quantifiable scale (Levin 1992). The development 
of the nested models of Hawaiian stream fish habitat availability provides a spatially-
explicit view of the organization and distribution of stream fish habitats.  
At the reach level, the model presented here integrated the geomorphological 
characteristics that control instream habitat development with the migratory abilities 
of the native fishes. This synthesis resulted in ability of the model to accurately predict 
the expected community membership within a section of a stream. At the stream level, 
the development of a classification system for Hawaiian streams was based on stream 
and basin morphological characteristics. This classification system allowed the reach 
level results to be stratified into similar streams. The habitats available for the native 
fishes were found to be generally similar within a stream type, but different among 
types. At the island level, the distribution of the stream types were compared among 
islands, and the stream types changed predictably with the islands age. The evolution 
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of stream types as the islands aged also resulted in the predictable change in available 
fish habitats across the islands. By developing the models within a nested spatial 
hierarchy, observations of habitat use recorded by researchers at the microhabitat or 
site level were attributed appropriately to distributional patterns at multiple larger 
scales.  
An important result of this modeling effort is the ability of the spatial models 
to provide the expected natural distribution and quantity of native fish habitat within 
human-modified stream basins. While Hawaii may never return to pristine conditions, 
the ability to determine an expected distribution gives managers a target or endpoint to 
enable monitoring activities to compare the trajectory of change in response to a 
remediation strategy. Although, it is not realistic to attempt to restore a stream to its 
original condition, it is beneficial to attempt to return a stream to a natural condition.   
In addition, by determining the expected natural conditions, the model allows the 
efficacy of the restoration project to be assessed to make sure management plans are 
headed in the right direction and are not just spending considerable time, effort, and 
money to achieve a different (and perhaps not necessarily better) condition. The 
results from the spatial models also emphasize the inherent variability within perennial 
Hawaiian streams and highlight the need for management strategies to avoid the one-
plan-fits-all-streams scenario. Management techniques and plans should consider not 
only the conditions of the stream at the site level, but also the position of the site with 
in stream, the overall types of stream, and the location of the stream in the islands. 
Including these multi-spatial considerations will help reduce the possibility of accurate 
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inferences developed on one stream type being applied incorrectly to a different 
stream type. 
The prediction from the spatial models may be improved by the inclusion of 
larger numbers of observations of fish distributions and the integration of additional 
habitat controlling variables. An example would be the inclusion of the distributional 
data within the Hawaii Stream Assessment database. Additional observations would 
result in the development of more accurate descriptions of the habitat suitability 
definitions for the native species and allow more rigorous statistical procedures to be 
applied to the data set.  The spatial models may also be improved by integrating 
information from additional important variables. These areas include the interaction 
between groundwater and surface water, the role of larval dispersal and recruitment, 
and the habitat and distribution of exotic species. As the level of understanding 
improves in these and many other subjects, the level of accuracy should rise with the 
model predictions as well. 
An important area of further research benefiting from these GIS based spatial 
models is the development of site-level models. As GIS based models relating the 
quantities of stream flow to the amount of instream habitat are developed, the larger 
scale models should allow the findings to be transferred to similar conditions 
throughout the Hawaiian Islands. The development and use of this spatial hierarchy 
may overcome problems associated with transferring results from site-specific studies 
among streams (Kinzie et al. 1986). 
Overall, these spatial models quantified the natural variability within and among 
Hawaiian streams at several spatial scales. The results showed that the native fishes as 
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a group have the ability to utilize a range of habitats that result from the effects of 
subsidence and erosion on oceanic islands. Additionally, as the islands drifted to the 
northwest and the streams changed on the increasingly older islands, the quantities of 
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